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The solubility of phosphate rock in aqueous solutions 
has been extensively investigated, particularly in connec­
tion with the ability of this material to supply phosphorus 
to plants when used as a fertilizing material. Much of this 
research work has consisted in assessing the solubility of 
various sources of phosphate rock in acids, predominantly 
organic, of different concentrations. Fewer investigations 
have dealt with the problem of establishing a general 
solubility relationship that holds, when applied to the dis­
solution of phosphate rock. 
The present thesis consists of an investigation of the 
dissolution of phosphate rock in relation to the solubility-
product principle. This principle has been successfully em­
ployed in explaining the solubility of calcium phosphates as 
well as iron and aluminum phosphates. The solubility of the 
phosphorus-bearing constituent of the phosphate rock exam­
ined in this work could be explained on the basis of the 
theory of the solubility product of a solid solution of 
hydroxyapatite'and fluorapatite after introducing the postu­
late that interaction of the solution with the solid may 
change the proportion of the two constituents in the solid 
solution. 
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REVIEW OF LITERATURE 
Chemical Nature of Apatite 
Phosphate rock is the name given collectively to the 
materials found in natural deposits wherefrom phosphorus is 
extracted. The major phosphorus-containing constituent in 
these deposits is apatite. 
The apatite family includes a large variety of mineral 
species, of which fluorapite is the one most frequently en­
countered. A general chemical formula, M-^RO^^X^ is 
assigned to the apatites where, according to Van Wazer 
(1958), M can be Ca, Pb, Na, K, Sr, Mn, Zn, Cd, Mg, Fe+2, 
Al, C(as COç>), HgO, or the rare earths; X can be F, OH, CI, 
or Br; and RO^ stands for. PO^, AsOzj., VO^, SO^., or SiO^.. 
Besides the distinct mineral species in which a partic­
ular ion from each of the above groups appears in the 
formula, there exist also transition members resulting from 
the partial substitution of one ion by another belonging to 
the same group. For example, besides the two end-members, 
hydroxyapatite Ca10(P0^)g(0H)2 and fluorapatite Ca^^PO^ ^ F^ 
transition members may result from the partial replacement 
of OH- ions by F~ ions. It is possible to relate any two 
members of the entire apatite family by gradual transitions, 
represented by solid solutions, the compositions of which are 
intermediate between those of the two end-members. 
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Structure of Fluorapatite 
The crystalline structure of fluorapatite has been 
thoroughly investigated with the use of X-rays. The origi­
nal work was done by St. Naray-Szabo (1930) and Mehmel 
(1930). Both investigators, simultaneously and independ­
ently of each other, presented an account of the arrangement 
of atoms within the crystal and obtained.numerical values 
for the parameters, with general agreement on all major 
points. They concluded that the unit cell of fluorapatite 
is composed of 42 atoms, with two formula weights, per unit 
cell, hence the formula Oa-^(PO^)^F2. 
Beevers and McIntyre (1946) made a more accurate deter­
mination of the structure, using more extensive X-ray data, 
but proposed no changes in the general arrangement of the 
lattice. According to these investigators, the unit cell of 
the apatite structure has two equal edges inclined at 120° to 
o 
one another, of length a 9.37 A. in the case of fluorapatite 
and 9.4l A. in the case of hydroxyapatite. The third edge is 
at a right angle to these and has the length of 6.88 A. in 
either structure. The following outstanding points are 
taken from their description of the structure of apatite. 
The structure is composed of Ca-0 columns which consist 
alternately, in the c-direction, of a) three oxygen atoms 
and b) one calcium atom surrounded by three oxygen atoms. 
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Written in a line, one such column can be represented by 
- Cy - CaCy - - CaO^ The three oxygen atoms are 
shared between the two calcium atoms that lie above and be­
low the plane of the three oxygens. In this manner, each 
calcium ion is surrounded by nine oxygen atoms, of which 
three are in the same plane as the calcium Ion. The Ca-0 
columns are linked together by means of PO^ groups in such a 
way that a hexagonal network of Ca-0 columns is produced, 
with channels extending through the structure in the _c 
direction. Figure 1 presents this network. Each PO4 group 
has three oxygen atoms shared by one Ca-0 column and the 
fourth shared by a neighboring Ca-0 column. The channels 
are lined with oxygen atoms in such a manner that cavities 
are formed in which six additional calcium ions are located 
per unit length along the walls of the channels. Every three 
of these calcium ions leave enough room for a fluorine atom 
to fit in. Among the principal features of the arrangement 
stands the fact that the size of the hexagonal channels is 
determined by the calcium and phosphate arrangement, which 
is likely to be a strong and stable one, as pointed out by 
Beevers and Mclntyre (1946). 
Isomorphous Substitution in Apatite Minerals 
Extensive work carried out by many investigators has 
demonstrated the existence of solid solutions among the 
Figure 1. Hexagonal network in the atomic structure of 
fluorapatite produced by the linking of Ca-0 
columns by the PO4 groups, .with channels ex­
tending in the c_ direction. Large black dots 
are oxygen atoms, small black dots are calcium 
atoms, and small gray dots are phosphorus 
atoms. After Beevers and Mclntyre (1946). 
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members of the apatite family. - Among recent investigations, 
Wallaeys (1952) synthesized fluorapatite, chlorapatite, and 
hydroxyapatite by heating anhydrous tricalcium phosphate 
with calcium fluoride, calcium chloride, and calcium oxide 
in the presence of water vapor, respectively, at a tempera­
ture of about 800° C. When anhydrous tricalcium phosphate 
was heated with mixtures of calcium fluoride and calcium 
chloride in the absence of water vapor, the solid solutions 
obtained showed X-ray diagrams with progressive displace­
ments in the position of the lines, with a gradual transi­
tion from the fluorapatite pattern to that of chlorapatite, 
corresponding to increasing amounts of calcium chloride in 
the reacting mixture. This displacement was interpreted in 
terms of some alterations occurring in the crystalline 
structure of the resultant solid material due to the substi­
tution of chloride ions for fluoride ions. Likewise, solid 
solutions of hydroxyapatite and fluorapatite were obtained 
by letting anhydrous tricalcium phosphate react with calcium 
fluoride in the presence of water vapor at a temperature of 
about 850° C. The gradual deformation that occurred in the 
lattice as a function of the composition of the solid solu­
tions obtained was taken as an indication of total misci-
bility in the solid state of each of the binary systems 
studied. 
Akhavan Niaki (1961) proceeded with the systematic 
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study of the miscibility of the apatites that was initiated 
by Wallaeys. He went further and prepared strontium and 
barium apatites, solid solutions of these two apatites, and 
solid solutions obtained from either one and the common 
calcium apatite. He studied also the substitution of 
chlorine and bromine for fluorine in these apatites. Among 
the many conclusions regarding the effects of the•substitu­
tion, it is pointed out that the halogens apparently do not 
participate critically in the building of the lattice. Re­
placement of fluorine by bromine brings about only a'very 
slight modification of the parameters of apatite. His con­
clusions agree with those of Beevers and McIntyre (1946), 
according to which the stability of the apatites rests 
"essentially in the framework built up by the Ca and PO^ 
ions, the halogen ions fitting inside the channels that 
traverse the lattice. 
Giesecke and Rathje (ig4l) investigated the formation 
of hydroxyapatite, fluorapatite, and isomorphic mixtures of 
these two compounds in aqueous solution by a titration pro­
cedure. Hydroxyapatite was synthesized by adding solutions 
of monopotassium phosphate and calcium nitrate to boiling 
water maintained at neutrality by the simultaneous addition 
of 0.1 N NaOH. The reagents were added in small amounts, 
and the solution was brought to neutrality after each addi­
tion of reagents. For the formation of fluorapatite, a 
similar procedure was followed, except a sodium fluoride 
solution was added from another burette. The volume of 0.1 
N NaOH solution needed to maintain neutrality was taken, as 
the indication of the course of the reaction, since this 
amount was different according to whether hydroxyapatite, 
fluorapatite, or an isomorphous mixture of the two was 
formed. The formation of fluorapatite would require 1/7 
less sodium hydroxide solution than the formation of 
hydroxyapatite. The coprecipitation of calcium fluoride 
had no effect on the amount of sodium hydroxide consumed. 
The authors found that the consumption of NaOH solution 
decreased with increasing additions of.. sodium fluoride. 
This was taken as an indication of the formation of a mix­
ture with increasingly higher contents of fluorapatite. 
However, the theoretical value corresponding to the forma­
tion of pure fluorapatite could not be reached. They con­
cluded that pure' fluorapatite was not capable of existence 
in aqueous solutions but rather, a hydroxy-fluorapatite with 
a maximum content of 70$ fluorapatite. 
Rathje (1957a) succeeded in preparing mixtures of 
hydroxyapatite and fluorapatite with higher percentages of 
the latter than he was able to obtain in previous investiga­
tions. To do this, he maintained the lowest possible con­
centration of hydroxyl ions during the titration. The 
consumption of NaOH was lower in more acid media than under 
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less acid conditions. This indicated that the precipitated 
hydroxy-fluorapatite mixture had a higher content of fluor­
apatite under acid conditions than that precipitated in 
alkaline reaction. He did not succeed in precipitating pure 
fluorapatite because at lower pH values no precipitation 
took place, as he pointed out. 
Rathje (1957b) investigated also the effect of fluoride 
ions on precipitated hydroxyapatite. He showed that in the 
presence of a fluoride ion concentration higher than that 
corresponding to the saturated solution of calcium fluoride, 
decomposition of the hydroxyapatite occurred, with the con­
current formation of calcium fluoride. However, when the 
fluoride ion concentration was lower than that of the sat­
urated solution of calcium fluoride, the fluoride ions ex­
changed for the hydroxyl ions of hydroxyapatite. From the 
fact that phosphate rock contains in general more fluorine 
than corresponds to the composition of fluorapatite, the 
author concluded that phosphate rock could be a mixture of 
hydroxyfluorapatite and calcium fluoride, and that the 
hydroxyfluorapatite should have a maximum content of about 
70 to 90 per cent fluorapatite. 
Solubility Product of Hydroxyapatite 
Bjerrum'(19^9) determined in 1936 the solubility prod­
uct of several calcium phosphates, including hydroxyapatite. 
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He obtained two different values corresponding to whether 
dissolution or precipitation of the solid material occurred. 
The solubility product of hydroxyapatite was expressed by 
the relation 
4pCa + 3PHPC>4 - 2pH = 7.5 (or 6.5) , 
where the numerically higher figure is that of dissolution. 
Hayek _et al. (1951 ) determined the solubility product 
of hydroxyapatite in both acid and alkaline medium at 18° 
and 40° C. The solution remained in contact with the solid 
phase for 24 hours. The following solubility products were 
obtained: K^go = (Ca++)^(POij~~")^(OH~) = 2.6 x 10""^ and 
K4oo = 2.3 x 10"41. 
Clark (1955) conducted a series of solubility measure­
ments in the solution equilibrated with hydroxyapatite, both . 
when this compound was precipitated and when it was dis­
solved, and found that hydroxyapatite possessed a definite 
solubility product. Calcium and phosphate concentrations 
r "5 
varied over the range from 10" to 10" . The calculated 
negative logarithm of the solubility product was given as 
115.5* corresponding to the.value of lOpCa + 6pP0^ + 2pOH. 
Lindsay and Moreno (i960) reported a table of solu­
bility values, including those of different phosphates, 
taken from different literature sources. Most of the values 
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used in this thesis are taken from this table. 
Effect of Fluorine Content on Solubility 
of Phosphate Rock 
The effect of the fluorine content on the solubility of 
phosphate rock has been studied by different investigators. 
Investigations on the effect of fluorine on the availability 
of phosphorus from phosphate rock have yielded conflicting 
evidence. Earlier research works seemed to indicate that a 
relatively high fluorine content in phosphate rock decreased 
the solubility to the point of impairing the fertilizing 
properties of the materialHowever, although the solu­
bility of phosphate rock and apatites decreases with in­
creasing content of fluorine, the results from more recent 
experimental field or pot trials have not shown any consis­
tent association of fluorine level with availability of the 
phosphorus. 
Gisiger and Pulver (1959) refer to the many field and 
pot trials carried out with Gafsa phosphate rock on acid and 
low-humus soils in which the beneficial effects of the 
fertilizing material did not depend upon the absence of 
fluorine. 
Likewise, Munk (i960) concluded that when apatite 
materials of comparable particle size were investigated, the 
results obtained were independent of the fluorine content of 
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the apatites used. 
Caro and Hill (1956), in correlating the chemical com­
position of different sources of phosphate rock with their 
reactivity in soil, found that the role of fluorine was not 
very clear. Low-fluorine phosphate rock, such as the one 
from Curacao Island, was more soluble in citrate solution 
than-others carrying more fluorine. However, other phos­
phate rocks, containing fluorine in excess of that required 
by the fluorapatite formula, were even more soluble than the 
Curacao phosphate. 
Rath je (1957b) suggested in this respect that a rela­
tively high concentration of fluoride may cause some decom­
position of fluorapatite with the formation of calcium 
fluoride and the corresponding increase in the concentration 
of phosphorus. 
Bennett etal. (1957) made a comparative study of seven 
sources of phosphate rock and superphosphate, with and with­
out lime, using Sudangrass and Ladino clover as indicator 
plants. They found significant differences in chemical 
solubility and in phosphorus availability from the various 
sources but found no significant correlation between the 
fluorine content or specific surface of the sources of 
phosphate rock and their availability to plants. 
Caro and Freeman (1961) made a study of the porosity of 
three, samples of phosphate rock, of high, medium and low 
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reactivity. They found that in the more reactive sample, 
the pores were only a few fold larger than molecular dimen­
sions. On the other hand, in the less reactive sample the 
pores were larger than molecular dimensions by at least an 
order of magnitude. In view of these investigations and 
those made previously by Caro and Hill (1956), the authors 
suggest that even the fine pores, those approaching molecu­
lar size, are entered by the reagent fluids. 
Jung (1953) investigated the effect produced by addi­
tions of fluoride on the growth of oat plants fertilized 
with dicalcium phosphate, Thomas slags, and hydroxyapatite. 
He found that the fertilizing effects of dicalcium phosphate 
decreased with increasing additions of fluoride in aqueous 
solution. The fertilizing properties of Thomas slags under 
similar conditions remained practically unaffected. In the 
case of hydroxyapatite, chemical and physiological determi­
nations gave no definite indication that fluoride caused 
formation of fluorapatite from hydroxyapatite. The effect 
of fluorine was considered to be very small and the 1-year 
duration of the experiment insufficient to permit the obser­
vation of any transformation of hydroxyapatite into fluor­
apatite. 
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Solubility Relationships of Phosphate Rock 
Solubility studies of phosphate rock samples from dif­
ferent sources are numerous. Most of these studies have 
consisted in assessing the solubility of phosphate rock in 
different acids,.mostly organic acids, of different concen­
trations. Fewer investigations have dealt with the determi­
nation of a quantitative relationship that applies to the 
solubility of phosphate rock. Kalpagé (1954) carried out 
solubility studies with finely divided Gafsa phosphate 
rock and found that when an excess of the material was dis­
solved in dilute hydrochloric and citric acid solutions, 
the composition of the solution could be characterized by 
the relationship 
2pH - (3/2)pCa - pH2PC>4 = 1.8 , 
where pCa and pHgPOi). are the negative logarithms of the 
activities of the calcium and dihydrogen phosphate ion, re­
spectively. 
Peaslee (i960) carried out solubility studies with the 
same phosphate rock that was used in the present study. . He 
found that the phosphatic component of phosphate rock ex­
hibited .a fixed solubility relationship, although he. did not 
calculate what it was. 
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THEORETICAL BACKGROUND 
Dissolution of Hydroxyapatite 
When hydroxyapatite dissolves in aqueous solution and 
the state of equilibrium corresponding to the saturated so­
lution is attained, conformity with the solubility-product 
principle requires that the following relation holds: 
where the a's represent activities of the corresponding 
ions. It is customary to express activities in terms of 
their negative logarithms to the base 10 and to indicate 
this operation by means of the letter "p.,r Thus, opera­
tionally, pis defined by 
Performing this operation on (l), the equivalent relation is 
obtained: 
constant (1) 
p = '- log . ( 2 )  
lOpCa + 6pP0^ + 2pOH = 113-7 (3) 
where, for the sake of simplicity, the symbol of the element 
stands for the activity, and the value of the new constant 
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Is taken from Lindsay" and Moreno (i960) and corresponds 
numerically to the negative logarithm of the constant in 
( 1 ) .  
It is possible to make some transformations of (3) by 
using the well-known relations, 
PPO4 = pKg + pHPOjj. - pH (4) 
and 
pKw = pH + pOH , (5) 
where pK^ is the negative logarithm of the third dissocia­
tion constant of phosphoric acid, and pKw is the negative 
logarithm of the ionic product of water. Substituting (4) 
and the value of pOH obtained from (5) into (3) and re­
arranging leads to 
lOpCa + 6PHPO4 - 8pH = 11.78 . (6) 
Likewise,•the expression derived from the second dis­
sociation step of phosphoric acid, 
pHP0'4 = pK2 + pH2PC>4 - pH , (7) 
when substituted into (6), yields another alternative 
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expression for the dissolution of hydroxyapatite: 
lOpCa + 6pH2P04 - l4pH =.- 31.42 . (8) 
If any two of the variables are known in equation (3), 
(6), or (8), the third can be calculated; furthermore, by 
means of the auxiliary relationships (4), (5), and (7), the 
same information permits calculation of the activities of 
the other ions in equilibrium with hydroxyapatite. 
It is well known that, for a given total phosphorus 
concentration, each phosphate species possesses a pH region 
of maximum concentration. Furthermore, functions can be 
defined which express the ratio of the total phosphorus con­
centration to the activity of each phosphate ion species. 
Each ratio is a function of the pH and the ionic strength of 
the solution. Where the solutions are sufficiently dilute 
so that all activity coefficients are equal to one, the 
ratios are functions of the pH only. 
In the following, fj(pH) will designate the ratio of 
the total phosphorus concentration to the activity of the 
H2P04~ions; f2(pH), the ratio of the total phosphorus con­
centration to the activity of HPO^—ions; and f^(pH), the 
ratio of the total phosphorus concentration to the activity 
of the PO^j ions. 
The functional dependence of these ratios on the 
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activity of hydrogen ions, the activity coefficients of the 
phosphate species, and the three dissociation constants of 
phosphoric acid, K]_, K2, and Kg, are given explicitly by 
V"" - 12 
aH2po4~ 1 YH2P04~ aH+YHPO 4— 
+ (9) 
aH+YP04— 
f2(pH) - -BeL- - fà- + —+ 1 
aHPO 4— K1K2 K2VR2P04- YHPO4— 
+ —-Ï2 , (10) 
aH+YpOh---
and 
f (PH)  -  J!ïL_ . -4+ —+ aH+ 
aP0^_— K1K2K3 K2K3YH2P01|- K3YHP02j — 
+ 7 -^—.  ( id  
YPO4 
where (PT) stands for the total phosphorus concentration. 
Peaslee (i960) made a complete derivation for the ex­
pression that yields the activity of H2P04~ions in terms of 
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the total phosphorus concentration, the activity of hydrogen 
ions, and the activity coefficients of the phosphate species. 
His expression for the activity of HgPO^-ions gives, after 
a slight modification, the function f^(pH) shown in (9). 
Expressions (10) and (11) are derived similarly. 
A plot of the logarithm of the function fg(pH) versus 
pH is shown in Figure 2 for several values of the ionic 
strength. Use of this graph eliminates the laborious compu­
tations indicated in (10). A further improvement in facili­
tating the calculations is obtained by the use of Table 2, 
to be presented later. 
•It will be convenient to take the negative logarithms 
of (9), (10), and (ll) and to rearrange them to obtain 
pHgPOij. = pPT + log f]/(pH) , (12) 
' pHP04 = pPT + log f2(pH) , (13) 
and 
PPO4 = pPT + log fg(pH) , (14) 
where pPT stands for the negative logarithm of the total 
phosphorus concentration. 
Expressions for the total phosphorus concentration in 
equilibrium with hydroxyapatite can now be obtained from any 
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one of Equations (3), (6), or (8) by proper substitution of 
(l4), (13), or (12) in the indicated order, thus yielding, 
respectively, 
pP^ = 56.85/3 - (5/3)pCa - (l/3)pOH - log fg(pH) , (15) 
pP^ = 5.89/3 - (5/3)pCa + (4/3)pH - log fg(pH) , (16) 
and 
pP^ = 15.71/3 - (5/3)pCa + (7/3)pH - log f^(pH) . (17) 
When the solution is dilute, so that.all activity co­
efficients are equal to one, any of the above equations 
establishes the functional dependence of the total phosphorus 
concentration in equilibrium with hydroxyapatite on the 
activity of the calcium ions and the pH of the solution. It 
can be observed that the, effect of pH is two-fold, as both 
the third and fourth terms on the right side of each of the 
equations, (15), (l6), and (17), are functions of the pH. 
Referring specifically to Equation (l6), the term (4/3)pH 
establishes the pH dependence due to the presence of OH" 
ions in the hydroxyapatite lattice, whereas the term log 
f^(pH) corresponds to a multiplication factor that accounts 
for all the phosphate forms other than the form HPO4— 
implicitly involved in (16). 
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The pH of the solution is relatively of greater impor­
tance in'determining the solubility of hydroxyapatite than 
is the activity of calcium ions. This can be verified by 
actual substitution of appropriately chosen arbitrary values 
for pCa and pH and by solving (l6) for pPrp. Table 1 shows, 
as an example, the results of some computations obtained 
from (l6), the value of log f2(pH) being obtained from the 
graph of Figure 2. It is seen from the table, by comparing 
examples 1 and 2, that a pH drop of two units causes a tre­
mendous increase in the calculated value for the total 
phosphorus concentration. A decrease of two units in pCa 
(comparison of examples 2 and 4) causes a much smaller 
Table 1. Calculated values for the negative logarithm of 
the total phosphorus concentration in equilibrium 
with hydroxyapatite for arbitrarily assigned 
values of pCa and pH 
Example 







1 7.0 3.0 0.41 5.88 
2 5.0 3.0 2 .20  1.43 
3 5.0 2 .0  2.20 3.09 
4 5.0 1.0 2 .20  4.76 
Figure 2. Plot of log f2(pH) versus pH for various 
values of the square root of the ionic 
strength \i. 





5.0 5.5 6.0 4.0 4.5 6.5 7.0 3.0 3.5 
PH 
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increase in pPip. Where the decrease of pH is equal to the 
decrease of pCa (comparison of examples 1 and 4), the re­
sultant of the opposite effects is a decrease of pPip of 
about one unit, which corresponds to approximately a tenfold 
increase in the total phosphorus concentration. 
The relatively greater importance of pH as compared to 
pCa in determining the total phosphorus concentration in 
equilibrium with hydroxyapatite can be pointed out also by 
making use of the fact that the graph of log f2(pH) is 
nearly a straight line over a wide range of the pH scale. 
In fact, in the range from pH = 3.50 to about pH = 6.00, the 
relation, 
pH + log f2(pH) = 7.21 , (18) 
holds approximately. Solving for log ,f2(pH) yields 
log f2(pH) = 7.21 - pH . (19) 
The substitution of (19) into (l6) gives, after like terms 
are collected, 
pP? = - 5.25 - (5/3)pCa + (7/3)pH . (20) 
Equation (20) is linear in both pCa and pH. The larger 
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absolute value of the coefficient of the pH term as compared 
to the coefficient of the pCa term shows the relatively 
greater influence of pH than of pCa in determining the total 
phosphorus concentration in equilibrium with hydroxyapatite. 
Ulrich (1959) gave an expression for pPT which is 
identical with (l6), except for a slight difference in the 
value of the independent term and for the replacement of the 
-8 
term - log f2(pH) by - p —x . Simple manipula-
6.2 x 10™°+ a + 
tions of this expression show that Ulrich's equation for pPrp 
in the range from about pH = 3.50 to pH = 6.00 practically 
coincides with (20). 
Because of the frequent use of the function log f2(pH), 
shown in Figure 2, it would be convenient to have a table of 
values of this function calculated at different pH's and 
different ionic strengths. However, instead of the direct 
tabulation of the function, Table 2 presents the values of 
pH + log f2(pH). Since the plot of log f2(pH) against pH is 
approximately that of a straight line, with slope equal to -1, 
over a pH range of nearly three units, a table having 
entries equal to pH + log f2(pH) must be composed of numbers 
exhibiting only relatively small variations over that pH 
range. The table is thus especially suitable for interpola­
tion when constructed over the proper ranges of pH and ionic 
strength. The headings of the columns of Table 2 are given 
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Table 2. Values of pH + log fg(pH) for different values of 
the ionic strength, and values of p(Ca++) calcu­
lated on the basis of the assumption that the 
ionic strength is equal to three times the 
calcium-ion activity 
Values of pH + log fg(pH) corresponding 
to indicated values of p(Ca++) and the 
square root of the ionic strength 
P (Ca' +•+) = 
— 4.48 3.08 2.48 2.13 1.87 1.68 1.52 
l j  22<3iZi2* = 
pH 0 lxlO-2 5xl0"2 lxlO-1l .5x10" 12xl0-12 .5x10" -^xlO-1 
3.25 7.23 7.24 7.25 7.27 7.29 7.30 7.32 7.33 
3.50 7.22 7.22 7.24 7.26 7.28 7.30 7.31 7.32 
3.75 7.21 7.21 7.23 7.25 7.27 7.29 7.30 7.32 
4.00 7.20 7.21 7.23 7.25 7.27 7.28 7.30 7-31 
4.25 7.20 7.21 7.23 7.25 7.26 7.28 7.30 7.31 
4.50 7.20 7.21 7.23 7.25 7.26 7.28 7.30 7.31 
4.75 7.20 7.21 7.23 7.25 7.26 7.28 7.30 7.31 
5.00 7.20 7.21 7.23 7.25 7.27 7.28 7.30 7.31 
5.25 7.20 7.21 7.23 7.25 7.27 7.29 7.30 7.32 
5.50 7.21 7.22 7.23 7.26 7.27 7.29 7.31 7.32 
5.75 7.21 7.22 7.23 7.26 7.29 7.30 7.32 7.34-
6.00 7.22 7.23 7.25 7.28 7.30 7.32 7.34 7.36 
6.25 7.24 7.25 7.28 7.30 7.33 7.36 7.38 7.40 
6.50 7.27 7.29 7.31 7.35 7.38 7.41 7.44 7.4-6 
6.75 7.33 7.34 7.38 7.4-2 7.45 7.49 7.52 7.55 
7.00 7.4-1 7.42 7.46 7.51 7.56 7.60 7.64 7.68 
*This expression stands for the square root of the 
ionic strength |a, where Cj_ and Zj_ represent the molar con­
centration and the valence, respectively, of the ith ionic 
constituent of the solution. Thus, the expression is 
equivalent to the square root of half the value of the sum­
mation of the molar concentrations of all ionic constit­
uents, each concentration multiplied by the square of the 
value of the valence of the particular ion. 
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in terms of the square root of the ionic strength and the 
negative logarithm of the Ca++ ion concentration, denoted by 
p(Ca++), calculated according to the assumption of Lindsay 
and Moreno (i960) that the ionic strength is equal to 3 
times the Ca"1"1" ion concentration. (This assumption applies 
to the condition where the electrolyte content of the solu­
tion can be represented as a calcium salt having monovalent 
anions and where no aggregation of ions into undissociated 
complexes occurs.) Subtraction of the corresponding pH 
value from any entry in the table gives the value of log 
f (pH) = log —— for the particular ionic strength and 
%P02j— 
pH value to which the entry corresponds. With this value 
the activity of HPO^ ions can be calculated easily when 
the total phosphorus concentration is known. The activities 
of the HgPO^r and PO^ ions are obtained from that of 
HPO/j. ions by means of relations (4) and (7). As an ex­
ample, at a pH value of 5.25'and an ionic strength of 6.25 x 
10-2, the square root of which is 2.5 x lO-1, Table 2 gives 
a value of 7.30. Subtraction of the pH value yields 
PHPO4 = 2.00 + 2.05 = 4.05. 
Equation (20) can be given a more general validity by 
writing it as 
pPT = - constant - (5/3)pCa + (7/3)pH (21) 
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where the value of the constant is equal to the entry in 
Table 2 that corresponds to the particular pH and p(Ca++) 
values minus 1.96. 
The foregoing considerations apply to the solubility 
relations of hydroxyapatite in water that may contain ions 
other than those supplied to the solution by hydroxyapatite. 
For the condition in which hydroxyapatite dissolves in water 
in the absence of any common ions other than hydroxyl ions, 
it is possible to derive expressions for the total phosphorus 
and calcium concentrations that depend only on the pH and 
the ionic strength. In the case of dilute solutions, the 
value of the pH is the only determining factor of both con­
centrations. Moreover, the molar concentration of each ion 
in solution will be numerically equal to its activity. 
Activities and concentrations therefore can be used inter­
changeably when the solutions are dilute. The dissolution 
of hydroxyapatite takes place in the ratio of 5 calcium 
atoms for each 3 atoms of phosphorus and 1 OH group. Since 
the solvent medium, water, contains OH- ions, no fixed pro­
portions exist between the OH~-ion concentration and the 
calcium and total phosphorus concentration in the solution. 
However, the ratio of the molar concentration of calcium to 
total phosphorus is equal to 5:3. Consequently, the molar 
concentrations of calcium and total phosphorus can be repre­
sented by 
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(Ca++) = 5% , (22a) 
or equivalently, 
pCa = p5X = p5 + pX = - log 5 + pX = - O.699 + pX , 
(22b) 
and 
(P?)  = 3X ,  (23a)  
or equlvalently, 
pPT = p3X .= p3 + pX = - log 3 + pX = - 0.477 + pX . 
(23b) 
Substitution of (l4) and the value of pOH,-obtained 
from (5), Into Equation (3) yields, after dividing by 2 and 
rearranging, 
5pCa + 3pPT = 56.85 - pKw + pH - 31og f3(pH) . (24) 
Substitution of (22a) and (23a), as well as the value of l4-
for pKw, leads to an equation that can be solved for pX, 
whence the value of pPip and pCa are obtained by subtracting, 
respectively, the value of log 3 and log 5j às is indicated 
stepwise below: 
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5p5X + 3p3X = 42.85 + pH - 31og f3(pH) 
5pX + 3pX = 42.85 - 5p5 - 3p3 + pH - 31og f^(pH) 
8pX = 42.85 + 4.926 + pH - 3log f3(pH) 
8pX = 47.776 + pH - 31og f3(pH) 
pX = 5.972 + (1/8)(pH -  31og f 3 (pH))  .  (25) 
Substitution of (25) into (23b) and (22b) gives 
pP? = 5.495 + (l/8)(p% - 31og f3(pH)) (26) 
and 
pCa = 5.273 + (1/8)(pH - 31og f3(pH)) (27) 
In a similar fashion, substitution of (13) into (6), 
and of (22a) and (23a) in the resulting expression, gives 
again an equation in pX. Its solution and its subsequent 
substitution in (23b) and (22b) yield two other equivalent 
expressions for pPip and pCa: 
p?T = 0.875 + (1/8)(4pH - 31og fg(pH)) (28) 
pCa = 0.653 + (1/8)(4pH - 31og fg(pH)) . (29) 
32 
Figure 3 shows the graph of pPT for a saturated solu­
tion of hydroxyapatite of negligible ionic strength as ob­
tained from either (26) or (28). 
Dissolution of Fluorapatite 
The dissolution of fluorapatite can be discussed along 
similar lines as was done for hydroxyapatite. The 
solubility-product principle requires that 
= constant , (30) 
or, in terms of the negative logarithms, 
lOpCa + 6PPO4 + 2pF = 118.40 , (31) 
where the value of the constant is taken from Lindsay and 
Moreno (i960). 
An alternative expression, in terms of. pHPO^, can be 
obtained by substituting (4) into (3l): 
lOpCa. + 6PHPO4 + 2pF = 118.40 - 6pK3 d- 6pH , (32)  
or, after substituting the numerical value for pKo, 
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pH 
Figure 3. Negative logarithm of the total phosphorus con­
centration in the solution saturated with 
hydroxyapatite and in the solution saturated 
with fluorapatite at different pH values. No 
common ions are assumed to be present except 
the OH" ions of the water. 
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The dissolution of fluorapatite in water, in the 
absence of any common ions, produces a solution in which the 
concentrations of calcium, phosphorus, and fluorine are in 
the ratio of 5=3:1. Under these conditions, the total 
phosphorus concentration in equilibrium with fluorapatite 
can be expressed in terms of the pH of the solution and the 
ionic strength. When the solution has negligible ionic 
strength, pH is the only determining factor. The equilib­
rium calcium, phosphorus, and fluorine concentrations can be 
represented as follows: 
(Ca++) = 5X (22a) 
(?T) = 3% (23a)  
(F~) = X . (36) 
Substitution of (l4) into (31) gives, after dividing 
by 2, 
5pCa + 3pPT + pF = 59.20 - 31og f3(pH) , (37) 
and substitution of (22a), (23a), and (36) into (37) yields 
5P5X + 3p3X + pX = 59.20 - 31og f3(pH) (38)  
35 
Equation (38) can be solved for pX, as is indicated step­
wise below: 
5p5 + 3p3 + 5pX + 3pX + pX = 59.20 - 31og fg(pH) 
9pX = 59.20 -  5p5 -  5p5 -  31og f^fpH) 
9pX = 59.20 + 4.926 - 31og f3(pH) 
pX = pF = 7 .125 -  (1/3)  log fgfpH) .  (39)  
Substitution of this expression into (23b) and (22b) leads 
to 
pPT = 6.648 - (1/3) log f3(pH) (40) 
and 
pCa = 6.4-26 - (1/3) log f3(pH) . (4l) 
Similarly, when (13) is substituted into (32) and a parallel 
procedure is followed, two other equivalent expressions for 
pPiji and pCa are obtained: - • 
pPT = 2.541 + (1/3)(pH - log fg(pH)) (42) 
and 
pCa = 2.319 + (1/3)(pH - log fgfpH)) - (43) 
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Figure 3 shows the plot of the negative logarithm of 
the total phosphorus concentration in equilibrium with 
fluorapatite, when the latter dissolves in water in the 
absence of any common ions and when the ionic strength of 
the solution is negligible. 
It can be seen from Figure 3 by comparing the two solu­
bility curves that at low pH values the total phosphorus 
concentration sustained by hydroxyapatite is higher than 
that sustained by fluorapatite. However, as the pH is 
raised, the difference in concentration decreases. At a pH 
value of 10 the concentrations are equal, and above this pH 
value, the phosphorus concentration in equilibrium with 
fluorapatite is higher than that in equilibrium with 
hydroxyapatite. The change in comparative solubility of the 
two apatites with change in pH value may be explained on the 
basis that at high pH values, hydroxyl ions in solution 
block the passage of hydroxyl ions from the hydroxyapatite 
lattice to the solution and hence limit the solubility. At 
low pH values, the tendency of hydrogen ions in solution to 
remove hydroxyl ions from the hydroxyapatite lattice to form 
water enhances the solubility. Dependence of solubility of 
fluorapatite on pH is attributable principally to the 
mechanism of association of hydrogen ions with the different 
phosphate ions, and this same mechanism is operative with 
hydroxyapatite. 
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The dissolution of fluorapatite at sufficiently low pH 
values produces calcium and fluoride concentrations of such 
magnitudes that the solubility product of calcium fluoride 
may eventually be reached. Table 3 shows concentration 
values of the different ionic species in equilibrium with 
fluorapatite at different pH values, calculated under the 
assumption that the ionic strength is very small, It is 
evident that at a pH value between 4 and 5 the value of 
pCa + 2pF must be equal to 9.84. The last figure is the pK 
value for fluorite, as given by Lindsay and Moreno (i960). 
A plot of pCa + 2pF as a function of pH would show that when 
the pH is equal to 4.35, the value of pCa + 2pF equals 9.84. 
This means that at pH = 4.35 and all lower pH values, the 
saturated solution of fluorapatite is also saturated with 
respect to fluorite. 
The dissolution of fluorapatite in the presence of -
calcium fluoride, or fluorite, requires the fulfillment of 
the solubility product of each compound. The solubility 
product of fluorite can be written as 
pCa + 2pF = 9.84 , (44) 
where the value of the constant is taken from Lindsay and 
Moreno (i960). Substitution of the term 2pF obtained from 
(44) into (31) yields 
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Table 3. Negative logarithms of equilibrium values of 
solutions saturated with fluorapatite at 
different pH values. The values are calculated 





pPT pF pCa pCa + 2pF 
1 0.42 0.90 0.20 2.00 
2 1.35 1.83 1.13 4.78 
3 2.12 2.60 1.90 7.10 
4- 2.81 3.28 2.58 9.15 
5 3.47 3.95 3.25 11.15 
6 4.13 4.61 3.91 — — — 
7 4.74 5.21 4.51 _  _ _  
8 5.19 5.66 4.96 
9 5.54 6.02 5.32 
10 5.87 6.35 5.65 
11 6.20 6.68 5.98 
12 6.49 6.96 6.26 
lOpCa + 6pP0^ - pCa - 9.84 = 118.40 (4-5) 
or 
9pCa + 6pP0^ = 108.56 .. (46) 
The latter expression describes the relationship between the 
calcium- and phosphate-ion activities in solutions saturated 
with respect to both fluorapatite and fluorite. The solu­
bility depends on the pH of the solution in so far as the 
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concentration of PO 4 ions depends on the pH. Two alter­
native expressions can be obtained in terms of pHPO^ and 
pH2PC>4 by substituting (4) and (7), respectively, in (46). 
In both expressions the pH appears explicitly. These ex­
pressions are: 
9pCa + 6pHPO|| - 6pH = 34.64 (47) 
and 
9pCa + 6pH2P04 - 12pH = . - 8.56 . (48) 
The latter expression can be simplified to yield 
(3/2)pCa + pH2P04 - 2pH = - 1.43 . (49) 
Dissolution of Solid Solutions of 
Fluorapatite-Hydroxyapatite 
. The dissolution of a solid phase that is a solution of 
fluorapatite and hydroxyapatite constitutes a more complex 
problem than the dissolution of either constituent alone. 
However, when the assumption is valid that the solid solu­
tion is an ideal solution, the activities of the ionic 
species in the liquid phase in equilibrium with the solid 
• solution will satisfy two ion-product constants, that of 
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hydroxyapatite and that of fluorapatite, each multiplied by 
a factor that depends upon the molar fraction of that con­
stituent in the solid phase. This yields 
( aJ°++)( ap 0 i ) -~)( a0H-)  = K '  = (Kh a ) ( P ' ( N ) )  ( 5 0 )  
(aca++)(ap0ij— )(ap-) = K" = (Kfa)(F"(1 - N)) , (51) 
where and represent the solubility constants of 
hydroxyapatite and fluorapatite, respectively, corresponding 
to relations (l) and (30), N is the molar fraction of 
hydroxyapatite in the solid phase, K' and K'1 are constants 
for each particular value of N, and F' and F'' indicate 
functional relationships. 
Experimental applications of the foregoing theory must 
be examined carefully for the reason that water, the solvent 
medium of practical interest, supplies an ion (0H~) common 
to hydroxyapatite but not to fluorapatite. Because of 
interaction of the solvent with the solid, the possibility 
exists that the composition of the solid cannot be inferred 
from indiscriminant measurements of the composition of the 
solution. The work to be reported in the following pages 
provides some evidence of the importance of this inter­
action. 
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Diagrammatic Representation of Solubility 
Data of Calcium Phosphates 
The activities of the ionic species in equilibrium with 
calcium phosphates can be conveniently represented in the 
manner used by Aslyng (1954), consisting in plotting the 
values of (pHgPO^ + §pCa) versus those of. (pH - -gpCa). The 
convenience of this procedure is based on the fact that when 
plotted in this manner, the activities of ions in equilib­
rium with various calcium phosphates, such as dicalcium 
phosphate, octocalcium phosphate, and hydroxyapatite, give 
points that lie along definite straight lines, where each 
line is specific for the activity values in equilibrium with 
each particular compound. This procedure has been followed 
extensively in the presentation of the data obtained in this 
thesis. Consequently, some comments will be made on the 
significance of this procedure. 
The solubility data corresponding to a particular 
calcium phosphate obey in general a relation of the form, 
ApH + BpCa + CpHgPO^. = D , 
where A, B, C, and D are constants for each particular 
calcium phosphate. In the case of hydroxyapatite,. the rela­
tion was given under (8). Dividing this expression by 2 
yields -
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7pH - 5pCa - 3PH2P04 = - 15.71 . (52) 
This is the equation of a plane whose intercepts are 2.24, 
-3.14, and - 5.24 in the coordinate system with three 
orthogonal axes, namely, the pH-axis, the pCa-axis, and the 
pHgPO^-axis. Any set of data, pH, pCa, and pHgPO^, that 
satisfies Equation (52) will produce a point that lies in 
the plane defined by Equation (52). This will be called the 
solubility plane of hydroxyapatite. Obviously, data not 
satisfying (52) will correspond to points not on the solu­
bility plane. -
It is possible to define a transformation that maps the 
three-dimensional space into two-dimensional space. A con­
venient choice, by no means the only one, would be to define 
two new variables v and w, as follows: 
v = pH - -gpCa 
and (53) 
w = pHgPO^ + -gpCa . 
Under this transformation, any point in the three-
dimensional space is mapped into a point in two-dimensional 
space. Furthermore, all the points in any particular plane 
in the three-dimensional space are mapped as points be­
longing to a particular straight line in the two-dimensional 
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space, and finally, all the points that lie along straight 
lines oriented in a particular way on the plane in the 
three-dimensional space are mapped as individual points in 
the two-dimensional space, one point corresponding to each 
line. 
The position of the line in the solubility plane for 
which the points map into, a single point in the v-w coordi­
nate system can be visualized through the following con­
siderations. Obviously, all values of pH, pCa, and pHgPO^ 
that lead to a particular value of (pH - -gpCa) and a partic­
ular value of (pHgPOjj. + §pCa) are plotted as a single point 
in the v-w plane. Now, a constant value of (pH - -gpCa) 
corresponds to a straight line of slope •§• in the pH—pCa 
plane. This plane is one of the three orthogonal coordinate 
planes of the three-dimensional space. Likewise, a constant 
value of (pH2P0i|. + ipCa) corresponds to a straight line in 
the PH2PO4—pCa plane. 
Any straight line in the three-dimensional space must 
necessarily project into straight lines in the coordinate 
planes. Conversely, a straight line in the pH-pCa plane is 
the projection of a straight line lying in the three-
dimensional space. In particular, the straight line, 
pH - •gpCa = V, where V is a constant, is the projection of 
a unique straight line in the three-dimensional space that 
lies in the solubility plane. This straight line has a 
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projection in the pHgPO^—pCa plane which is also a straight 
line, the equation of which is pHgPO^ + •jjrpCa = W, where W is 
a constant. The two constants V and W, which are the inter­
cepts of each straight line in either coordinate plane, are 
entered in the v-w coordinate system to produce a single 
point. This point is the common mapping point of all the 
points of the straight line that lies in the solubility 
plane. 
Extending the arguments, an infinite set of parallel 
straight lines on the solubility plane will project into two 
infinite sets of parallel straight lines, one in the pH—pCa 
and one in the pHgPO^—pCa plane, with all the lines in 
either set having the same slope but different intercepts. 
Two lines, one of either set, are the projections of a 
single line on the solubility plane. From the intercepts or 
constant terms of each pair of projection lines that are re­
lated in this manner, an infinite set of ordered pairs is 
obtained, which, when plotted in the v-w plane, gives the 
locus of a straight line. All the points that belong to a 
specific parallel line in the solubility plane map into a 
single point of the straight line in the v-w plane. 
Transformation (53) thus produces a single-valued, 
many-to-one, mapping of all the points in the solubility 
plane into a. line in the v-w plane. 
There are infinitely many ways of accomplishing the 
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mapping as there are infinitely many ways of drawing a set 
of parallel lines in the solubility plane through modifica­
tion of the orientation of the set. In the case of trans­
formation (53), the orientation is determined by the fact 
that the projection lines must have a slope of absolute 
value equal to Jr. 
• The solubility plane of hydroxyapatite is mapped into a 
line in the v-w plane, the equation of which is easily 
derived as follows. In Equation (52), 3/3pCa are added and 
subtracted, as indicated below: 
7pH + (3/2)pCa - 5pCa - (3/2)pCa - 3p^°4 = " 15.71 . 
Collecting like terms, 
7pH - (7/2)pCa - (3pH2P04 + (3/2)pCa) = - 15.71 , 
which can also be written as, 
7(pH - ipCa) - 3(pH2P0i|. + ipCa) = - 15.71 • (54) 
This is the equation that was sought for. In terms of the 
new variables, it takes the form 
7v - 3w = - 15.71 (55)  
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Again, any set of data that satisfies the solubility con­
stant of hydroxyapatite will produce values of (pH - JrpCa) 
and (pHgPOij. + ipCa) that, plotted in the v-w plane, will 
give points of the straight line whose equation is (55). 
Following a similar procedure for the other calcium 
phosphates leads in each case to the equation of a straight 
line in the v-w plane. When the transformation is applied 
to Equation (49), for example, a straight line is obtained 
which corresponds to the solution saturated with both 
fluorapatite and fluorite. The equation is 
2(pH - |pCa) - (pH2P04 + ipCa) = - 1.43 . (56) 
Figure 4 shows the different straight lines that corre­
spond to dicalcium phosphate, octocalcium phosphate, 













3 4 5 
pH - l/2pCa 
Figure 4. Solubility lines of dicalcium phosphate dihydrate, 
octocalcium phosphate, hydroxyapatite, and fluor­
apatite fluorite. Diagram constructed with the 
solubility-product constants given by Lindsay and 
Moreno (i960). 
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MATERIALS AND METHODS 
Materials 
The phosphate rock sample used in this study was a 
commercial-grade fertilizing material sold "by the American 
Cyanamid Company, New York, and labeled "Florida Natural 
Phosphate, Finely Ground Phosphate Rock." This is the same 
material that Peaslee (i960) used in his thesis work, and 
it is from a carload lot used in regional field experiments 
started in the north central states in the 19501 s. A sample 
of the material was X-rayed using a G.E. XRD-5 X-ray unit 
with nickel-filtered copper radiation. On the basis of the 
pattern obtained, the material corresponds to a solid solu­
tion of hydroxyapatite and fluorapatite. Table 4 presents 
the X-ray diffraction data of the sample with an estimate of 
the relative intensities of the peaks, together with the 
relative intensities corresponding to the same peaks be­
longing to hydroxyapatite and fluorapatite, as obtained from 
the A.S.T.M. X-ray data file. The absence of the peaks at 
2.85 and 2.31 makes the presence of chlorapatite very im­
probable, because in the pure compound these peaks have 
relative intensities of 90 and 30 per cent, respectively. 
The possible presence of carbonate-apatite is more difficult 
to decide on the basis of the X-ray evidence, since most of 
the peaks of this compound coincide with those of either 
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Table 4. X-ray diffraction data for phosphate rock, in­
cluding peaks having relative intensities of 5 per 
cent or greater within the range of d values from 
2.24 to 8.11 A., together with comparable data 
from the A.S.T.M. X-ray data file for hydroxy­
apatite and fluorapatite 
Values of Relative intensity of peaks, 
0 
d, A. Phosphate rock Hydroxyapatite 
per cent 
Fluorapatite 
8.11 10 11 
5.26 5 5 
4.04 5 9 
3.34 10 ' 0 0-
3.44 40 40 20 
3.16 12 11 
3.06 20 17 30 
2.79 100 100 100 
2.69 60 60 60 
2.62 25 25 30 
2.53 5 5 5 
2.30 5 7 5 
2.24 20 20 20 
hydroxyapatite or chlorapatlte However, three 20-per-cent-
intensity peaks belonging to carbonate-apatite, 4.08, 3.90, 
and 3.08, did not appear in the pattern. On this evidence, 
the presence of carbonate-apatite may be considered as 
unlikely. It can be mentioned in this regard that the 
existence of a true carbonate-apatite has been the subject 
of much debate. According to Van Mazer (1958), some authors 
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have concluded that the carbonate-bearing apatites are 
simply admixtures of calcium carbonate with hydroxy- or 
fluorapatites. Since X-ray patterns of the carbonate-
bearing apatites usually do not show the lines of crystal­
line carbonates, Van Wazer (1958) concluded that the 
carbonate is probably sorbed on the apatite crystallites. 
In the range of values reported in Table 4, the main 
peaks of calcium fluoride coincide with those of apatite. 
Therefore, the data do not allow a decision on whether 
calcium fluoride is present or not. 
A sample of phosphate rock treated previously with 
hydrochloric acid and referred to in a later section as 
"acid-washed phosphate rock" was also submitted to X-ray 
analysis. The diffraction pattern obtained was similar to 
that of the untreated material, except for the fact that a 
peak at a d value of 3.34 A. was intensified as a conse­
quence of the acid treatment and that the intensity of all 
the peaks pertaining to apatite was diminished slightly. 
, o 
Since a peak at 3.34 A. belongs to SiOg, this would seem to 
suggest that the acid treatment dissolved the phosphatic 
component of phosphate rock preferentially to other inert 
materials, such as quartz, which were concentrated. 
Synthetically prepared hydroxyapatite, obtained from 
chemical reagents according to the method of Hayek and 
Stadlmann (1955), was also used in this study. An X-ray 
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pattern was also obtained from this material. It showed all 
main peaks of hydroxyapatite and practically no others, al­
though the intensities were very small. This indicates a 
poor crystallization, which could be caused either by 
crystal irregularities or by an extremely small size of 
crystallites. 
Laboratory Methods 
The laboratory procedures used throughout this work 
consisted in measuring the pH and the concentrations of 
calcium, magnesium, and phosphorus obtained when phosphate 
rock samples were equilibrated for different periods of time 
with hydrochloric acid solutions of different concentration. 
Various ratios of weight of solid material to volume of solu­
tion were employed. The suspensions were equilibrated at a 
constant temperature of 24° C., except the first two experi­
ments which were carried out at room temperature. This 
temperature can be estimated at around'"26° C. The suspen­
sions were shaken on a wrist-action shaker for the different 
time intervals, at the end of which air was bubbled through 
the suspension. The pH of the suspension was determined 
before and after aeration. Thereafter, the suspensions were 
filtered using the same kind of apparatus and procedure that 
Peaslee (i960) described in his thesis on pages 42 and 45, 
including the use of collodion-impregnated filter paper and 
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the application of a pressure of 30 p.s.i. of Ng gas. 
Chemical analyses were made on the filtrates. 
pH determination. All pH determinations were made with 
a Sectarian pH meter, Model G, using a glass electrode and 
saturated calomel electrode. The pH measurements were made 
in the supernatant liquid. A small "suspension effect" was 
observed at a pH value of about 6 or higher, but it was not-
observable at lower pH values. The effect of aeration on 
the pH value measurement was small, in general, and a change 
in the reading was observed only at relatively high pH 
values. Therefore, only the pH value obtained after aera­
tion is reported. 
Phosphorus determination. All determinations of total 
phosphorus were made according to the method of Pons and 
Guthrie (1946), using half the amounts of reagent solutions 
and diluting to half the final volume directed in the 
original method. 
Calcium and magnesium determination. Calcium and mag­
nesium were determined using essentially the method of Lot 
and Cheng (1957). Some modifications were introduced, the 
two most important of which are the following. First, the 
monoethanolamlne hydrochloride buffer of Ward and Johnston 
(i960) was used instead of the ammonium hydroxide-ammonium 
chloride buffer solution. This modification avoided the 
ammonia fumes associated with use of the original buffer. 
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The other modification was in procedure. After the calcium 
was titrated at pH 13, the solution was acidified to about 
pH 3 or 4 to dissolve the precipitated Mg(0H)2, and then the 
pH was brought up to 10 by adding monoethanolamlne hydro­
chloride buffer solution. The magnesium was titrated there­
after. This procedure was adopted instead of that in the 
original method, according to which, after the titration of 
calcium at pH 13, the pH is lowered to 10, and the solution 
is heated to dissolve the Mg(0H)g. The modification hastens 
the dissolution of Mg(0H)2. Other minor modifications were 
made. An 8 N KOH solution was used instead of a 10$ NaOH 
solution. The indicator solutions were prepared after 
Tinker (1959)• A detailed description of the procedure is 
as follows : 
To an aliquot of the solution containing no more 
than 0.5 millimols of calcium and magnesium, add 
8 N KOH solution, drop by drop, until a pH value 
of 13 is attained, as determined with a potentio­
meter. Add 2 drops of 10$ KCN solution, 2 drops 
of 1$ gelatin solution, and 4 to 6 drops of calcon 
indicator. Titrate the solution with 0.01 M 
standard EDTA solution from the initial red color 
to blue at the end point. The volume of EDTA solu­
tion used provides a measure of the amount of 
calcium in solution. Add concentrated HC1 solution 
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drop-wise until the pH is lowered to 3 or 4, as 
indicated by a potentiometer, and immediately add 
5 ml. of monoethanolamlne hydrochloride buffer 
solution. Adjust the pH of the solution to 10 with 
a few drops of either HC1 solution or buffer solu­
tion, as indicated by a potentiometer. Add 2 to 3 
drops of Eriochrome Black T indicator, and titrate 
the solution with standard 0.01 M EDTA solution 
from the initial red color to blue at the end point. 
The volume of EDTA solution used provides a measure 
of the amount of magnesium in solution. 
Care was taken to minimize the time the solution re­
mained acid to control the evolution of HON fumes from the 
solution. 
Measurements of magnesium concentration were made 
throughout this work, but the results are not reported be­
cause they were not used in the calculations. The measure­
ments had only precautionary value, as explained in the next 
section. 
Calculations. The calcium and phosphorus concentra­
tions and activities were expressed in terms of the negative 
logarithms of the molar concentrations. The ionic strength 
of solutions was estimated as three times the calcium con­
centration. This approximation implies that calcium is the 
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only cation in the solution and that it is accompanied by 
monovalent anions only. Since this procedure of estimating 
the ionic strength of the solution was followed, some con­
sideration will be given to its validity under the condi­
tions of the present study. The value of the ionic 
strength was used in calculating the activity coefficients 
of calcium and phosphate ions and ultimately the activities 
of these ions. Therefore, the convenience of the estimation 
must be evaluated in regard to the effect on the values of 
the calculated activities. Two possible sources of error 
arise from a) the presence of magnesium ions and b) the 
presence of sulfate ions. The maximum concentrations of 
sulfate and magnesium were found to be about 0.003 M and 
0.004 M, respectively. These maximum concentrations, how­
ever, were associated with the maximum additions of hydro­
chloric acid. In these solutions the sulfate and magnesium 
made up only a small proportion of the total ions, and the 
ionic strength estimated by multiplying the calcium concen­
tration by 3 did not differ appreciably from that calculated 
with the inclusion of sulfate and magnesium in the usual 
way. In more dilute solutions, where little or no hydro­
chloric acid was added, the sulfate and magnesium did some­
times make up a substantial proportion of the total ions, 
and the ionic strength estimated by multiplying the calcium 
concentration by 3 did differ appreciably percentagewise 
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from that calculated with the inclusion of sulfate and mag­
nesium in the usual way. In these dilute solutions, how­
ever, the ionic strength was so low that the error had no 
significant effect on the activity coefficients. The 
apparent effect was even smaller where the negative 
logarithms of activities of the calcium and phosphate ions 
were taken. The relatively small variation of the entries 
in Table 2 corresponding to different values of the square 
root of the ionic strength provides further evidence that 
the activities of the phosphate ions are not significantly 
modified by small variations of the value of the ionic 
strength. In addition to affecting the ionic strength, 
sulfate has the effect of forming undissociated molecules 
with calcium and magnesium. The reduction of the calcium 
activity due to the formation of undissociated calcium sul­
fate molecules was calculated for a 0.003 M sulfate concen­
tration and for various calcium concentrations in the range 
encountered in this study. This reduction, when expressed 
in terms of pCa values, turned out to be insignificant. 
With the estimated value for the ionic strength of the 
solution, the activity coefficients of the different ionic 
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where Yj_, Cj_, and Zj_ are, respectively, the activity coeffi­
cient, the concentration, and the valence of the ith ionic 
constituent, A = 0.5092, B = 0.3286, and the values of 10®a^ 
are those given by Kielland (1937), namely, 4.00 for HPO^ , 
4.25 for HgPO^", and 6.00 for Ca++. The activities were ex­
pressed in terms of the negative logarithms. The abridged 
procedure followed to determine the negative logarithms of 
the phosphate-ion activities is explained in the section on 
theory. 
Since the ionic strength of the solution is estimated 
from the Ca++-ion concentration, and the activity of the 
calcium is equal to the product of "the activity coefficient 
and the concentration, it is possible to construct a graph 
that gives the negative logarithm of the activity of the 
Ca++ ions, denoted by pCa, in terms of the negative loga­
rithm of the concentration of Ca++ ions, denoted by p(Ca++). 
Figure 5 shows a plot of the functional relationship. Use 
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Figure 5. Plot of the negative logarithm of the calcium-ion 
activity pCa versus the negative logarithm of the 
calcium-ion concentration p(Ca++). Calculations 
were made on the basis of the assumption that the 





It has been proposed by different investigators that 
phosphate rock is a solid solution of hydroxyapatite and 
fluorapatite. If, from the standpoint of solubility, 
phosphate rock does behave as an ideal solid solution of 
these two apatites, the ion products corresponding to the 
hydroxyapatite and fluorapatite constituents in the satu­
rated solution of phosphate rock should be equal to the 
solubility constant of each one of these compounds multi­
plied by a factor that depends on the molar fraction of 
each constituent in the solid phase. In other words, 
Equations (50) and (51) provide a mathematical representa­
tion of the dissolution of the hydroxyfluorapatite component 
of phosphate rock. 
It is a necessary consequence of (50) that, as long as 
K' remains constant, a plot of pHgPO^. + -|pCa against 
pH - irpCa (in the manner employed in this thesis) in the 
saturated solution in equilibrium with phosphate rock must 
give the locus of a straight line parallel to and lying to 
the left of the hydroxyapatite line. Furthermore, the posi­
tion of that line will convey information pertaining to the 
solubility of the solid material, relative to that of 
hydroxyapatite, and will permit an estimation of the 
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constant K1. The farther the phosphate-rock line lies to 
the left of that of hydroxyapatite, the less soluble is the 
material, and the smaller is the numerical value of K', or 
equivalently, the larger is the numerical value of pK'. 
A similar situation exists with respect to Equation 
(5l) when applied to the dissolution of phosphate rock. 
However, since no direct way is available to measure the 
activity of fluoride ions in solution and since fluoride 
forms complex ions with a number of different elements, no 
attempts were made to investigate directly the validity of 
(51). Besides, the equilibrium concentrations of calcium 
and phosphorus are the same whether they are substituted in 
(50) or (51). 
With the purpose of determining to what degree the dis­
solution of phosphate rock conforms to the requirements of 
Equation (50), experiments were carried out using different 
weights of phosphate rock, acid solutions of different 
strengths, and different equilibration periods. In all 
cases the volume of the equilibrating solution was equal to 
100 ml., and the acidity was due to hydrochloric acid. The 
equilibrating solutions were prepared by diluting the re­
quired amounts of 1 M, 0.1 M, or 0.01 M HC1 solutions to a 
volume of 100 ml. with distilled water. Invariably the HC1 
was diluted to 100 ml. with distilled water before adding 
the solution to the weighed amount of phosphate rock. The 
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treatments will "be indicated by specifying the weight of 
phosphate rock and the number of milliequivalents of HC1 
present in the total volume. " 
First Experiment 
Procedure. Samples of 10 gm., 1 gm., and 0.1 gm. of 
phosphate rock were placed in 125-ml. Erlenmeyer flasks and 
individually treated with 100-ml. quantities of dilute solu­
tions of HC1. The suspensions were shaken for about 10 
hours each day during 6 consecutive days. At the end of the 
shaking period, air was bubbled through each suspension for 
2 days. 
Results. The results of the first experiment are pre­
sented in Table 5 and Table 6. The first table includes (a) 
the pH value, measured directly; (b) the negative logarithm 
of the total phosphorus concentration; (c) the negative 
logarithm of the HgPO^'-ion activity, obtained from the 
total phosphorus concentration by use of the entry from 
Table 2 corresponding to the pH value and the negative loga­
rithm of the calcium concentration, together with use of 
Equations (13) and (7); (d) the negative logarithm of the 
calcium-ion activity, obtained from the negative logarithm 
of the calcium concentration by interpolation in Figure 5; 
and (e) the combinations of activities represented by 
(pHgPO^ + fpCa) and (pH - -g-pCa). Figure 6 shows the plot of 
the values of the last two columns of Table 5. 
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Table 5. Negative logarithm of ion activities and of total 
phosphorus concentration in solutions after equi­
libration of different quantities of phosphate 
rock with dilute solutions of HC1 for 8 days at 
room temperature 
Reactants in 100 ml. 
of solution y. n 
Phosphate M.E. of p p 2' 4 
rock, gm. HC1 pH pCa pPij pE^POlf " -§pCa + -gpCa 
10 4 3.56 1.97 1.99 2.11 2.58 3.09 
10 3 3.78 2.13 2.08 2.17 2.72 2.23 
10 2 4.16 2.30 2.29 2.36 3.01 3.51 
10 1 4.75 2.35 2.85 2.91 3.58 4.09 
1 4 2.72 1.98 1.85 2.01 1.73 3.00 
1 1 3.78 2.49 2.40 2.4-6 2.54 3.70 
1 0. 4 4.61 2.69 2.87 2.92 3.27 4.26 
1 0. 1 5.38 2.88 3.80 3.84 3.94 5.28 
0. 1 1 2.75 2.70 2.53 2.65 i.4o 4.00 
0. 1 0. 1 5.18 3.30 3.59 3.61 3.53 5.26 
0. 1 0. 01 6.28 3.85 4.44 4.49 4.36 6.4l  
0. 1 0. ,001 6.68 3.85 4.95 5.09 4.76 7.01 
Table 6. Negative logarithm of activities of ions and of 
the ion product in solution after equilibration of 
phosphate rock with dilute solutions of HC1 for 8 
days at room temperature. Data are derived from 
Table 5 
Reactants in 100 ml. 
of solution 
Phosphate M.E. of 
rock, gm. HOI pH pCa pP0j| lOpCa + 6pP0i| + 2pOH 
10 1 4.75 
1 0.1 5.38 
0 .1  0 .01  6 .28  
0.1 0.001 6.68 
2.35 12.93 119.58 
2.88 12.60 121.59 
3.85 11.45 122.59 
3.85 11.25 120.59 
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Figure 6. Solubility relations shown by different 
quantities of phosphate rock after equilibration 
with HCl solutions of different concentrations 
for 8 days at room temperature. Data are from 
the first experiment (Table 5). 
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Discussion. The results from this experiment in Figure 
6 indicate that, irrespective of the quantity of phosphate 
rock employed, a plot of (pHgPO^. + -gpCa) versus (pH - -|pCa) 
approximates a straight line parallel to the hydroxyapatite 
line if consideration is limited to values obtained with the 
lowest ratios of acid to phosphate rock. With higher ratios 
of acid to phosphate rock, however, the points deviate 
toward the line for fluorapatite-fluorite. Deviations are 
most pronounced with the smallest quantities of phosphate 
rock and least pronounced with the highest quantities. 
As a means of testing analytically to what degree the 
points representing the lowest ratios of acid to phosphate 
rock approximate a straight line parallel to the hydroxy­
apatite line, values of lOpCa + 6pP0^ + 2pOH corresponding 
to these points have been calculated. Table 6 presents, in 
addition to data presented in the previous table, the values 
of pPO^. obtained from the value of pHgPOAj. by using Equations 
(7) and (4), and the negative logarithm of the ion product 
indicated above. 
The values in the last column of Table 6 show rela­
tively little variation, with an average value of 121.09 for 
pKr•. This value is 7.39 units higher than the corresponding 
value for pure hydroxyapatite, as given by Lindsay and 
Moreno (i960), or 5.59 higher than the value given by Clark 
(1955), which indicates a lower solubility of phosphate rock 
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than of pure hydroxyapatite. The maximum variation in the 
values of pK1 is equal to 3.01. This variation can be com­
pared with the maximum variation of 2.32 encountered by 
Clark (1955) in the value of pKsp = lOpCa + 6pP0i|. + 2pOH, 
when working with precipitated hydroxyapatite. 
Second Experiment 
Procedure. The procedure was the same as that of the 
first experiment, except that a series employing 0.01-gm. 
samples was included, and the equilibration time was ex­
tended to 12 days. 
Results. The results, calculated as explained for 
Table 5, are shown in Table 7. In Figure 7 are plotted the 
values from the last two columns of Table 7. 
Discussion. The results of most of the treatments from 
the second experiment show the same trends as those from the 
first experiment, as can be seen from Figure 7. The amount 
of acid in the solution relative to the weight of phosphate 
rock was observed again to be an important factor in deter­
mining whether or not the points fall in a straight line in 
Figure 7. The treatments with 0.01 gm. of phosphate rock 
deviated appreciably from the straight line, except the one 
with the least amount of acid, which showed a relatively 
minor deviation. The treatment involving 1 m.e. of HCl and 
1 gm. of phosphate rock showed again a deviation comparable 
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Table J. Negative logarithm of ion activities and of total 
phosphorus concentration in solutions after equi­
libration of dilute solutions of HCl with 
different quantities of phosphate rock for 12 days 
at room temperature 
Reactants in 100 ml. 
of solution „TT _Tr t>/™\ 
Phosphate M.E. of pH pH2F04 
rock, gm. HCl pH pCa pPip pHgPO^ ipCa + §pCa 
10 1 4.63 2.29 2.85 2.91 3.50 4.06 
10 0.1 5.96 2.64 3 .34 3.44 4.90 4.76 
10 0.01 6.25 2.62 5.29 5.39 4.94 6.70 
1 1 3.98 2.60 2.41 2.46 2.68 3.76 
1 0.1 5 .94 3.26 4.02 4.07 4.31 5.70 
1 0.01 6.50 3.45 4.94 5.05 4.78 6.78 
0.1 0.1 5.68 3.42 3.69 3.72 3.97 5.43 
0.1 0.01 6 .43 3.64 4.52 4.62 4.61 6.44 
0.1 0.001 6.50 3.69 4.61 4.71 4.66 6.56 
0.01 0.1 5.12 3.30 3.69 3.72 3.26 5.37 
0.01 0.01 6.28 3.98 4.74 4.80 4.29 6.79 
0.01 0.001 7.01 4.34 5.21 5.43 4.84 7.60 
to that observed with the same treatment in the first ex­
periment. Experiments to be reported later indicate that 
the deviations of the second and third treatments were due 
to experimental error, both occurring in the opposite direc­
tion to those just mentioned. 
Table 8 shows the value of the ion product for the 
points in Figure 7 that appear to fall approximately in a 
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Figure 7. Solubility relations shown by different quanti­
ties of phosphate rock after equilibration with 
HCl solutions of different concentrations for 
12 days at room temperature. Data are from 
the second experiment (Table 7). 
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Table 8. Negative logarithm of ion activities and of the 
ion product in solution after equilibration of 
different quantities of phosphate rock with 
dilute solutions of HCl for 12 days at room 
temperature. Data are derived from Table 7 
Reactants in 100 ml. 
of solution 
Phosphate M.E. of 
rock, gm. HCl pH pCa pPO^ lOpCa + 6pP0^ + 2pOH 
10 1 4.63 2.29 13.17 120.66 
1 0.1 5.94 3.26 11.71 118.98 
1 0.01 6.50 3.45 11.57 118.92 
0 .1 0.1 5.68 3.42 11.88 122.12 
0 .1 0.01 6.43 3.64 11.28 119.22 
0 .1 0.001 6.50 3.69 11.23 119.28 
0 .01 0.001 7.01 4.34 10.93 122.96 
average value of the last column is 120.30, a figure which 
is less than one unit smaller than that obtained from the 
first experiment. The variation is wider in the present 
experiment than in the first experiment, the maximum dif­
ference among individual values being 3.98. It can be 
noticed that, in general, the points in Figure 7 are dis­
placed from those in Figure 6 in the direction of the 
hydroxyapatite line. This displacement is noticeable also 
in the preponderance of slightly smaller numerical values in 
the last column of Table 8 than in the last column of Table 
5. The displacement is probably attributable to the longer 
period of contact of the solid material with the acid 
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solutions in the second experiment than in the first. 
Third Experiment 
Procedure. Samples of phosphate rock weighing 10 gm. 
and 1 gm. were dissolved in HCl solutions of different con­
centrations, the suspensions being treated and analyzed in 
the same manner as described in the previous experiments, 
except that the period of shaking the phosphate rock with 
the solutions was extended to 14 days and the aeration 
period was extended to 5 days. The residues from this 
first equilibration were washed with distilled water with 
the aid of a centrifuge and were equilibrated a second and 
a third time with HCl solutions in the same manner employed 
in the first equilibration. The solutions resulting from 
the three equilibrations were analyzed individually. 
. Results. The results of the three successive equi­
librations are presented in Table 9•' Figure 8 shows the 
points obtained from the first and third equilibrations. 
Discussion. With the purpose of obtaining information 
on the cause of the observed deviations encountered when 
phosphate rock dissolved in some of the acid solutions, the 
present experiment was designed to observe the effect pro­
duced by successive equilibrations of the same sample of 
phosphate rock with fresh solutions of HCl of the same 
initial concentration. As can be seen in Figure 8, where 
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Table 9. Negative logarithm of ion activities and of total 
phosphorus concentration in solution after three 
successive equilibrations of dilute solutions of 
HCl with different quantities of phosphate rock 
for 19-day periods at,24° C. 











10 3 4.00 2.00 2.07 2.17 3.00 3.17 
10 2 4.42 2.12 2.31 2.39 3.36 3.45 
10 1 4.80 2.28 2.85 2.91 3.66 4.05 
10 0 .1 6.08 2.62 4.49 4.57 4.77 5.88 
10 0 .01 6.17 2.68 5.46 5.55 4.83 6.89 
10 0 .001 6.18 2.69 5.30 5.40 4.84 6.75 
1 1 3.54 2.31 2.42 2.50 2.39 3.66 
1 0 .5 4.18 2.57 2.76 2.81 2.90 4.10 
Second equilibration 
10 3 3.44 2.01 1.96 2.07 2.44 3.08 
10 2 3.68 2.15 2.11 2.20 2.61 3.28 
10 1 4.40 2.38 2.50 2.56 3.21 3.75 
10 0.1 6.46 3.44 4.66 4.76 4.74 6.48 
10 0.01 6.68 3.71 5.13 5.29 4.83 7.14 
10 0.001 6.81 3.74 4.91 5.15 4.94 7.02 
1 1 3.62 2.34 2.38 2.46 2.45 3.63 
1 0.5 4.27 2.55 2.66 2.71 3.00 3.99 
1 0.1 5.88 3.51 3.73 3.78 4.13 5.54 
1 0.01 6.78 "3.79 4.63 4.79 4.89 6.69 
Third equilibration 
10 3 3.16 2.01 1.93 2.05 2.16 3.06 
10 2 3.48 2.18 2.16 2.26 2.39 3.35 
10 1 3.98 2.32 2.44 2.51 2.82 3.67 
10 0.1 6.49 3.52 4.63 4.73 4.73 6.49 
10 0.01 6.88 3.99 4.82 5.04 4.89 7.04 
10 0.001 7.01 3.85 4.39 4.63 5.09 6.56 
1 1 3.26 2.31 2.41 2.50 2.11 3.66 
1 0.5 4.02 2.61 2.64 2.69 2.72 4.00 
1 0.1 5.58 3.41 3.68 3.71 3.88 5.42 
1 0.01 6.67 4.13 4.39 4.50 4.6l 6.57 
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Figure 8. Solubility relations shown by different quanti­
ties of phosphate rock in the first and third 
successive equilibrations with HCl solutions 
of different concentrations for 19-day periods 
at 24o C. Data are from the third experiment 
(Table 9). 
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deviations appeared in the first equilibration, the devia­
tions were intensified in subsequent repetitions of the 
treatment. (To simplify the figure, the values obtained in 
the second equilibration are not shown. For the most part, 
the values lie between those obtained in the first and 
third equilibration.) In instances where no major devia­
tions had appeared, repetition of the treatments did not 
produce a deviation. On the contrary, the points were 
located in general along the same line as were those of the 
first equilibration. 
Table 10 presents the ion product for all those cases 
which fall approximately along a straight line, including 
data from the three equilibrations. The results are com­
parable since the values from the second and third equi­
librations included in Table 10 correspond to the milder 
treatments where little of the solid material was dissolved. 
The variation in the figures of the last column of Table 10 
is greater than the variation encountered in the preceding 
experiments corresponding to the same calculations. How­
ever, this large variation is produced by four cases, two 
of which are thought to result from analytical error, their 
ion product being 113.62 and 113.26. The deviations of 
these two points occur to the right of the other points. 
The other two points which are responsible for the large 
variation of the last column of Table 10 have ion products 
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Table 10. Negative logarithm of ion activities and of the 
ion product in solution after three consecutive 
19-day equilibrations of different quantities of 
phosphate rock with dilute solutions of HC1 at 
24° C. Data are derived from Table 9 
Reactants in 100 ml. 
of solution 
Phosphate M.E. of 
rock, gm. HC1 pH pCa pPO^. lOpCa + 6pP0^ + 2pOH 
- -
First equilibration 
10 3 4.00 2.00 13.69 122.14 
10 2 4.42 2.12 13.07 118.78 
10 1 4.80 2.28 12.83 118.18 
10 0.1 6.08 2.62 11.93 ^ 113.62 
10 0.01 6.17 2.68 12.73 118.84 
10 0.001 6.18 2.69 12.56 117.90 
Second equilibration 
10 0.1 6.46 3.44 11.36 117.64 
10 0.01 6.68 3.71 11.45 120.44 
10 0.001 6.81 3.74 11.05 118.08 
1 0.1 5.88 3.51 11.54 120.58 
1 0.01 6.78 3.79 10.75 116.84 
Third equilibration 
10 0.1 6.49 3.52 11.27 117.84 
10 0.01 6.88 3.99 10.80 118.94 
10 0.001 7.01 3.85 10.13 113.26 
1 0.1 5.58 3.41 12.07 123.36 
1 0.01 6.67 4.13 10.68 120.04 
equal to 122.14 and 123.36, with deviations to the left of 
the other points. In both cases the ratio of amount of acid 
to weight of phosphate rock may account for the deviation. 
The remaining twelve cases listed in Table 10 showed a 
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maximum variation of only 2.94 units. There is again a 
preponderance of slightly smaller numbers than those ob­
tained in previous experiments for this ion product. The 
average value of the negative logarithm of the ion product 
this time is 118.52, which corresponds to values of 120.30 
in the second experiment and 121.09 in the first. With 
increasing time of equilibration, therefore, the points 
apparently are displaced away from the fluorapatite-
fluorite line and toward the hydroxyapatite line. 
It can be seen from Figure 8 that when the deviation 
from the straight line has been accentuated as a consequence 
of a second or third equilibration, the points move approxi­
mately parallel to the (pH - ipCa) axis. Because of the way 
in which the coordinate axes are defined, a displacement 
parallel to the (pH - th?Ca) axis indicates that a pH change 
has taken place with no changes in the pCa or pHgPO^ values. 
As the cause of the displacement, a reaction involving 
a change in nature of the surface of the phosphate rock may 
be suggested. If the phosphatic part of the surface is a 
solid solution of hydroxyapatite and fluorapatite, partial 
dissolution of the material in acid medium will bring about 
a higher ratio of fluoride to hydroxyl ions in solution than 
that existing in the hydroxylfluorapatite. As a result of 
this, the surface could become enriched with fluorapatite by 
an exchange of fluoride in solution for hydroxyl in the 
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hydroxyfluorapatite in the surface or perhaps by reprecipi-
tation of a new hydroxyfluorapatite as the pH gradually rises 
to the point where the solubility-product constant is ex­
ceeded. A change in composition of solid-phase apatite of 
the hydroxy variety to the fluor variety occurs in nature, 
where hydroxyapatite deposits change to fluorapatite over 
geologic ages, and where the hydroxyapatite constituent of 
tooth enamel is transformed into fluorapatite in contact 
with fluorine-bearing drinking water. The structure of the 
apatite crystal, as described by Beevers and McIntyre 
(1946), locates the fluorine'ions and the hydroxyl ions, as 
the case may be, in the channels that extend through the 
structure, where they are not an essential part of the 
structure. This would seem to favor the possibility of the 
exchange of one ion by the other. When material altered in 
the manner indicated in the preceding paragraph is placed in 
contact with a fresh solution, the new equilibrium values 
would be expected to reflect the 'change that had occurred in 
the solid material in the previous equilibration period; 
i.e., the solubility value obtained in the second equilibra­
tion should be displaced from that of the first in the 
direction of fluorapatite. In terms of Equations (50) and 
(51), this supposed change in composition would bring about 
a change in mole fraction N of hydroxyapatite and a corre­
sponding change in value of K1 and K'1. 
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This interpretation of the phenomenon is supported by 
extensive research work carried out by Kolthoff and co­
workers, summarized by Kolthoff and Sandell (1952). They 
investigated the surface reaction that takes place when a 
suspension of an insoluble salt is shaken with a dilute 
solution of another salt that forms an insoluble compound 
with one of the ions of the first salt. Where barium sul­
fate is suspended in a dilute solution of lead perchlorate 
(lead sulfate is also an insoluble salt, but barium per­
chlorate is very soluble), for example, lead ions appear in 
the solid-phase barium sulfate. This results because lead 
sulfate may precipitate on the surface of barium sulfate, 
i.e., lead ions may take the place of barium ions. A sur­
face reaction has taken place as a result of which barium 
ions in the surface are replaced by lead ions and an equi­
valent amount of barium ions enters the solution. The same 
behavior was observed with other insoluble salts, such as 
calcium oxalate when equilibrated with a solution that con­
tained alkali iodate, sulfate, or hydroxide. The investiga­
tors were not in a position to decide experimentally whether 
the type of adsorption under consideration was of the ex­
change or addition type or both. They pointed out, however, 
that from the viewpoint of coprecipitation, the exact 
mechanism of the surface reaction is not of special im­
portance. 
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In analogy to these observations, solid phase hydroxy­
apatite in equilibrium with its saturated solution may show 
the presence of fluoride in the surface as fluorapatite when 
the solution contains fluoride ions even though the solution 
may not be saturated with respect to fluorapatite. 
The proposed substitution of F~ ions for 0H~ ions on 
the surface of phosphate rock may be examined further in 
connection with the total phosphorus concentration sustained 
in the equilibrating solution. Since hydroxyapatite and 
fluorapatite are miscible in all proportions, it should be 
possible to obtain solid solutions, ranging in composition 
from that of pure hydroxyapatite to that of pure fluor­
apatite, that sustain the same total phosphorus concentra­
tion in the saturated solution. Line AB in Figure 9 repre­
sents such a series of solid solutions in equilibrium with 
their saturated solutions, all of which have the same total 
phosphorus concentration. (The lines for hydroxyapatite and 
fluorapatite in Figure 9 are from Figure 3, and their deri­
vation was discussed in connection with that figure. ) This 
series of solid solutions would be in equilibrium with 
aqueous solutions having different pH values. At pH values 
lower than 10, the solid solution with the higher fluor­
apatite content has a lower pH value in its saturated solu­
tion than the solid solution with the higher hydroxyapatite 
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Figure 9 .  Calculated negative logarithm of total phosphorus 
concentration versus pH in the saturated solution 
in equilibrium with hydroxyapatite and fluor­
apatite, together with experimental values of 
Clark (1955) for hydroxyapatite, of Gisiger and 
Pulver (1959) for Florida pebble phosphate rock, 
and of the writer for three successive equilibra­
tions of Florida phosphate rock with different 
concentrations of HC1 (data shown are from the 
first three treatments of experiment Table 9). 
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appear possible to enrich the surface of phosphate rock in 
fluorapatite by an exchange of F~ ions for OH- ions without 
changing the phosphorus concentration. Data in Figure 9  
corresponding to the three equilibrations of the first three 
treatments of experiment 3 suggest that an exchange of F~ 
ions for OH" ions has taken place while the total phosphorus 
concentration has undergone only a relatively small change. 
This is especially true when comparing the values of the 
second and third equilibrations. 
The above considerations may furnish a partial expla­
nation for the fact that the availability of the phosphorus 
from various phosphate rock sources does not seem to be de­
pendent on the fluorine content of the material, as has been 
reported by several investigators. For phosphate rocks with 
different contents of fluorine to sustain the same total 
phosphorus concentration in the soil solution, it would be 
necessary only that there be a difference in pH value, the 
lower pH value corresponding to the source with the higher 
content of fluorine. Whether sources of phosphate rock dif­
fering in proportion of fluorapatite have such an effect on 
the pH value at the surface is not known. 
The reasoning might be applied also in connection with 
the fact that the application of phosphate rock to an acid 
soil usually has residual effects of relatively high sig­
nificance in the years following the application. The 
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dissolution of the material and the alteration of its sur­
face would not impair the amount of phosphorus in solution, 
provided there is a decrease in the pH value. Soils in 
general tend to become more acid on continuous leaching, 
a fact that would contribute toward the maintenance of an 
appropriate phosphorus concentration in solution. 
Total phosphorus concentrations calculated from data 
obtained by Clark (1955) have been included in Figure 9. 
These data correspond to equilibrium values of the saturated 
solution of hydroxyapatite, in conformity with a negative 
logarithm of the solubility product equal to 115.5. The 
points follow very closely the theoretical line for the 
total phosphorus concentration of a saturated solution of 
pure hydroxyapatite. The fact that all the points lie above 
the line probably indicates an excess of phosphorus with re­
spect to the amount of calcium needed to precipitate 
hydroxyapatite. 
Total phosphorus concentrations in solution with excess 
Florida pebble phosphate rock, calculated from data presented 
by Gisiger and Pulver (1959) have also been included in 
Figure 9• The values correspond to different weights of 
material dissolved in a calcium .citrate solution. The 
points obtained are located in the proximity of the theore­
tical line for the total phosphorus concentration of a 
saturated solution of pure fluorapatite. 
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Fourth Experiment 
Procedure. The residual samples of phosphate rock from 
the first three and the last two treatments of the third 
experiment, after having been subjected to the three con­
secutive equilibrations described in that experiment, were 
subsequently equilibrated three more times with HC1 solu­
tions of decreasing concentration, namely, 100 ml. of solu­
tion containing 0.1, 0.01 and 0.001 m.e. of H01, in that 
order. The phosphate rock was centrifuged and washed with 
water between equilibrations. The equilibration periods 
included 14 days of shaking followed by 5 days of aeration 
at 24° C. 
Results. The results of this experiment are presented 
in Table 11 and Figures 10a and 10b. 
Discussion. Figures 10a and 10b present the points 
calculated from measurements made in this experiment as well 
as those for the same samples in the last equilibration of 
the preceding experiment. It can be seen from the graph 
that, for each sample, the point representing the last equi­
libration of the preceding experiment and the three points 
representing the three equilibrations of this experiment are 
located in general along a straight line parallel to the 
fluorapatite-fluorite line. This behavior supports the 
hypothesis expressed in connection with the preceding 
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Table 11. Negative logarithm of ion activities and of total 
phosphorus concentration in solution after three 
successive 19-day equilibrations of five samples 
of phosphate rock with solutions of decreasing 
concentrations of HC1. The samples are the 
residual materials from the first three and the 
last two treatments of experiment 3 and had pre­
viously been equilibrated three times with HC1. 
The temperature was kept at 24° C. 











10 0.1 4.52 3.15 3.12 3.15 2.95 4.73 
10 0.1 4.78 3.23 3.19 3.22 3.17 4.83 
10 0.1 5.16 3.25 3.29 3.32 3.54 4.94 
1 0.1 5.21 3.31 3.75 3.78 3.56 5.44 
1 0.1 5.36 3.39 3.80 3.83 3.67 5.53 
Fifth equilibration 
10 0.01 5.21 3.58 3.53 3.55 3.42 5.34 
10 0.01 5.25 3.57 3.57 3.60 3.47 5.39 
10 0.01 5.62 3.63 3.60 3.63 3.81 5.45 
1 0.01 5.92 3.75 4.42 4.47 4.05 6.34 
1 0.01 6.02 3.85 4.45 4.50 4.10 6.42 
Sixth equilibration 
10 0.001 5.44 3.59 3.77 3.80 3.65 5.69 
10 0.001 5.49 3.63 4.05 4.08 3.68 5.89 
10 0.001 5.73 3.69 3.94 3.97 3.89 5.82 
1 0.001 6,31 3.87 4.82 4.90 4.38 6.83 
1 0.001 6.39 4.00 4.80 4.88 4.40 6.88 
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Figure 10a. Solubility relations of 10-gm. phosphate rock 
samples in six successive equilibrations with 
HC1 solutions, the first three with the same 
acid concentration and the last three with 
decreasing acid concentration. The data are 
from the third and fourth experiments. 
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Figure 10b. Solubility relations of 1-gm. phosphate rock 
samples in six successive equilibrations with 
HCI solutions, the first three with the same 
acid concentration and the last three with 
decreasing acid concentration. The data are 
from the third and fourth experiments. 
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experiment and is explainable under the same assumptions. 
With the more intense treatments with acid in the prelimi­
nary equilibrations, the position of the line was closer to 
that of the line for fluorapatite-fluorite, as would be ex­
pected if the more intense acid treatments had promoted en­
richment of the surface in fluorapatite. 
Figures lia and lib are portions of the same graph that 
was shown in Figure 9• The values corresponding to the 
total phosphorus concentrations obtained in the last equi­
libration of experiment 3 and those obtained in the three 
equilibration of experiment 4 are included in Figures lia 
(lO-gm. samples) and lib (l-gm. samples). It can be seen 
that the points are closer to the line for fluorapatite than 
for hydroxyapatite and that at higher pH values the points 
show a tendency to fall still closer to or across the fluor­
apatite line to the left. This behavior may be explained 
qualitatively on the basis that the preliminary treatments 
altered the composition of the surfaces toward fluorapatite, 
and the subsequent treatments with lower concentrations of 
acid were mild enough that they did not dissolve all the 
altered surface material. The relatively low concentrations 
of phosphorus at high pH values may have resulted from a 
common-ion effect of hydroxyl or calcium. In view of other 
evidence to be reported later, failure to reach equilibrium 
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Figure lia. Calculated negative logarithm of total phos­
phorus concentration versus pH in the saturated 
solution in equilibrium with hydroxyapatite and 
fluorapatite, together with experimental values 
for 10-gm. samples from the last equilibration 
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Figure lib. Calculated negative logarithm of total phos­
phorus concentration versus pH in the saturated 
solution in equilibrium with hydroxyapatite and 
fluorapatite, together with experimental values 
for 1-gm. samples from the last equilibration 
of the third experiment and from the fourth 
experiment. 
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low concentrations of phosphorus at high pH values. 
Because of the apparent parallel behavior of the 
samples to that of fluorapatite-fluorite, the value of 
9pCa + 6pP0ij. has been calculated and presented in the last 
column of Table 12. It can be seen that with one exception 
this value remains fairly constant for the successive equi­
librations made on individual samples. This approximate 
constancy is interpreted as an indication that with the mild 
treatments following the more rigorous treatment with acid, 
there was little further change in the nature of the sur­
face, as far as exchange of F~ and OH" ions is concerned. 
Fifth Experiment 
Procedure. A 100-gm. sample of phosphate rock was 
placed in 1 1. of HCI solution containing 50 m.e. of HCI. 
It was set on a steam plate for 2 hours, with occasional 
shaking. After the suspension was cool, the supernatant 
liquid was decanted. The residue was treated with 1 1. of 
solution containing 10 m.e. of HCI, and the supernatant 
solution was decanted. This last operation was repeated six 
more times. After the last treatment was done, the suspen­
sion was filtered through a Buchner filter, and the residue 
was washed with water and dried. The residue weighed about 
80 gm. A portion of the material was X-rayed. 
Six 10-gm. samples and five 1-gm. samples of this 
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Table 12. Negative logarithm of ion activities and of ion 
product corresponding to fluorapatite-fluorite 
after four successive equilibrations of phosphate 
rock with solutions of decreasing concentration 
of HCI. Each sample previously had been equi­
librated twice with the same concentration of HCI 
as the highest concentration employed in the 
series. The first row of values in each series 
is derived from experiment 3 (Table 9), and the 
last three rows are derived from experiment 4 
(Table 11). The temperature was kept at 24° C. 
Reactants in 100 ml. 
of solution 
Phosphate M.E. of 
9pCa + 6pP0ij. rock, gm. HCI pH pCa PPO4 
10 3 3.16 2.01 15.21 109.35 
10 0.1 4.52 3.15 13.63 110.13 
• 10 0.01 5.21 3.58 12.65 108.12 
10 0.001 5.44 3.59 12.44 106.95 
10 2 3.48 2.18 14.82 108.54 
10 0.1 4.78 3.23 13.18 108.15 
10 0.01 5.25 3.57 12.62 107.85 
10 0.001 5.49 3.63 12.62 108.39 
10 1 3.98 2.32 14.07 105.30 
10 0.1 5.16 3.25 12.52 104.37 
10 0.01 5.62 3.63 11.91 104.13 
10 0.001 5.73 3.69 12.03 105.39 
1 1 3.26 2.31 15.50 113.79 
1 0.1 5.21 3.31 12.88 107.07 
1 0.01 5.92 3.75 12.15 106.65 
1 0.001 6.31 3.87 11.80 105.63 
1 0.5 4.02 2.61 l4-rl7 108.51 
1 0.1 5.36 3.39 12.63 106.29 
1 0.01 6.02 3.85 11.98 106.53 
1 0.001 6.39 4.00 11.62 105.72 
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residue were treated in the manner described in the pre­
ceding experiments for the original phosphate rock material, 
using HCI solutions of different concentrations. The indi­
vidual treatments are indicated in Table 12. The various 
mixtures were equilibrated at 24° C. for a period of 8 days, 
which included a shaking period of 6 days and an aeration 
period of 2 days. 
Results. The results of this experiment are reported 
in Table 13. Figure 12 presents a plot of PH2PO4 + -§pCa 
against pH - -|pCa. Table 14 presents the values of 9pCa + 
6pP02|.. - . 
Discussion. It can be seen from Figure 12 that the 
plot of pHgPOij. + ipCa against pH - -|pCa can be approximated 
by two straight lines, one for each sample size, lying close 
to each other and parallel to the fluorapatite-fluorite 
line. The 1-gm. sample line is the closer to the 
fluorapatite-fluorite line. 
The results of this experiment can be interpreted under 
arguments similar to those presented before. Presumably the 
acid treatment that the bulk sample received previously en­
riched the solid material with fluorapatite. The segrega­
tion of points in Figure 12 according to sample weight may 
be interpreted as the result of small additional modifica­
tions of the surface of the phosphate rock associated with 
the different ratio of amount of acid to surface area of the 
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Table 13. Negative logarithm of ion activities and of total 
phosphorus concentration in solution after equi­
libration of dilute solutions of HCI with 
different quantities of acid-washed phosphate 
rock for 8 days at 24° C. 
Reactants in 100 ml. 
of solution -ntq- pn 
Phosphate M.E. of P P 2P04 
rock, gm. HCI pH pCa pPij pHgPOij. §pCa + ^ pCa 
10 3 3.45 2.04 1.96 1.97 2.43 2.99 
10 2 3.62 2.16 2.13 2.22 2.54 3.30 
10 1 4.08 2.33 2.43 2.50 2.92 3.67 
10 0.5 4.41 2.60 2.66 2.71 3.11 4.01 
10 0.1 5.02 3.13 3.06 3.09 3.46 4.65 
10 0.01 5.13 3.27 3.11 3.14 3.50 . 4 .78 
1 1 3.69 2.35 2.36 2.43 2.52 3.61 
1 0.5 ' 4.16 2.60 2.64 2.69 2.86 3.99 
1 0.1 5.22 3.31 3.50 3.53 3.57 5.19 
1 0.05 5,38 3.47- 3.68 3.71 3.65 5.44 
1 0.01 5.72 3.61 3.95 3.98 3.92 5.78 
phosphate rock. Because all the subsequent treatments were 
less intense than that given to the bulk material, except 
for the first two in the 1-gm. series, relatively little 
further alteration of the surface should take place. Fur­
ther change in the same direction, that is, increase in the 
fluorapatite content, should be of limited extent because of 
the lower acidity of the medium. A change in the opposite 
direction, that is, increase in the hydroxyapatite content, 
should be of limited extent because of the low activity of 
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Solubility relations of acid-washed phosphate 
rock in equilibrations with HCI solutions of 
different concentrations for 8 days at 24° C. 
Data are from the fifth experiment. 
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Table 14. Negative logarithm of ion activities and of ion 
product corresponding to fluorapatite-fluorite 
after equilibration of different quantities of 
acid-washed phosphate rock with dilute solutions 
of HCI of different concentrations for 8 days 
at 24° C. Data are derived from Table 13 
Reactants in 100 ml. 
of solution 
Phosphate M.E. of 
9pCa + 6pP04 rock, gm. HCI pH pCa pP0l| 
10 3 3.45 2.04 14.68 106.44 
10 2 3.62 2.16 14.50 106.44 
10 1 4.O8 2.33 13.84 104.01 
10 0.5 4.41 2.60 13.41 103.77 
10 0.1 5.02 3.13 12.57 103.77 
10 0.01 5.13 3.27 12.41 103.89 
1 1 3.69 2.35 14.56 108.53 
1 0.5 4.16 2.60 13.89 106.75 
1 0.1 5.22 3.31 12.67 105.47 
1 0 . 0 5  5.38 3.47 12.48 106.13 
1 0.01 5.72 3.61 12.07 105.25 
apatite is appreciable. 
The values of 9pCa + 6pP0^ for each treatment are shown 
in Table 14. The average value is 104.72 for the 10-gm. 
series and 106.43 for the 1-gm. series. The value for the 
fluorapatite-fluorite system given in Equation (46) is 
108.56. The relative magnitude of these figures also illus­
trates the fact that the 1-gm. series is closer to the 
fluorapatite-fluorite line than is the 10-gm. series. The 
results of this and previous experiments indicate that 
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acid-washed phosphate rock is not characterized by a single 
value for the ion product but that the value obtained will 
depend on the intensity of the previous treatment. 
From each one of the average values obtained above, an 
expression can be derived, in terms of pHgPOij. and pH, 
applying to each series. For the 10-gm. series, the ex­
pression is 
(3/2)pCa + pH2P04 - 2pH = - 2.06 , 
and for the 1-gm. series it is 
(3/2)pCa + pH2P04 - 2pH = - 1.70 . 
It is interesting to observe that Kalpage (1954) obtained 
for finely divided Gafsa phosphate rock the expression 
(3/2)pCa + pH2P04 - 2pH = - 1.8 . 
This is equivalent to 
9pCa + 6pP°4 = 106.32 . 
It is evident that Gafsa phosphate rock shows a solubility 
relationship very similar to that of the acid-washed 
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phosphate rock in this experiment. It has been postulated, 
however, on the-basis of data obtained in this thesis, that 
the value of the constant should vary as a consequence of 
the type of treatment that the material might have received 
previously. 
Figure 13 shows a plot of values of total phosphorus 
concentration against pH for experiment 5. The values 
corresponding to the saturated solution of pure hydroxy­
apatite and of pure fluorapatite are shown also for refer­
ence. The figure gives evidence again of the parallelism 
in the behavior of the acid-washed phosphate rock and fluor­
apatite. These results indicate that the material is rela­
tively free of appreciably soluble calcium or phosphorus 
compounds other than hydroxyfluorapatite because the theo­
retical derivation for the hydroxyapatite and fluorapatite 
curves was based on the assumption that the apatites were 
the sole source of the calcium and phosphorus in solution. 
Three of the points of the 1-gm. series suggest the same 
type of enhanced reduction in the total phosphorus concen­
tration that was observed in the preceding experiment. The 
cause of the deviation is not clear, but the most likely 
cause appears to be a common ion effect from calcium or 
hydroxyl ions. 
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Figure 13. Negative logarithm of total phosphorus concen­
tration versus pH of solution equilibrated with 
acid-washed phosphate rock for 8 days at 24° C. 
Data are from the fifth experiment. 
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Sixth Experiment 
Procedure. Three 1-gm. samples of phosphate rock were 
equilibrated for 78 days at 24° C. with 100 ml. of HCI solu­
tion containing 5, 1, and 0 m.e. of HCI. After that period, 
the suspensions were filtered, and the filtrates were 
analyzed as usual. 
Results. The results are presented in Table 15. In 
Figure 14 are plotted the values of the last two columns of 
Table 15. 
Discussion. This experiment was performed with the 
objective of studying the effect of long periods of equi­
libration on the ion activities in the equilibrating solu­
tion. The first three experiments of this thesis showed 
that when the time of a single equilibration was increased 
Table 15. Negative logarithm of ion activities and of total 
phosphorus concentration in solution after equi­
libration of phosphate rock with water and with 
dilute solutions of HCI of different concentra­
tion for 78 days at 24° C. 
Reactants in 100 ml. 
of solution 
Phosphate M.E. of 





1 5 2.48 1.83 1.73 1.88 1.57 2.80 
1 1 4.35 2.34 2.38 2.44 3.18 3.61 
1 0 6.92 3.39 5.78 6.03 5.23 7.73 
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Figure 14. 
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pH -1/2 pCo 
Solubility relations of phosphate rock equi­
librated for 78 days with HCl solutions and 
with distilled water at 24° C. Data are from 
the sixth experiment. 
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from 8 to 19 days, the points had a tendency to shift 
slightly to the right in a plot of (pH^PO^ + -§pCa) versus • 
(pH - -|pCa). This shift was indicated also by smaller 
values for the ion product, lOpCa + 6pP0^. + 2pOH, with ex­
tended periods of equilibration. This shift is brought 
about mainly by changes in the pH value with relatively 
smaller modification of the calcium and phosphate ion 
activities. Comparison of results obtained with the treat­
ment consisting of 1 gm. of phosphate rock with 1 m.e. of 
HCl from the first, second, and sixth experiments shows that 
while the pHgPO^. values remain essentially constant (2.46, 
2.46, and 2.44, respectively) and the pCa values undergo 
minor variations of no definite trend (2.49, 2.60, and 2.34, 
respectively), the pH values, on the contrary, show a con­
tinuous rise with a net increase of a little over one half 
unit (3.78,  3.98,  4.35).  
This shifting to the right produced by long standing 
periods can be related to the hypothesis of the exchange of 
F~ ions for OH" ions proposed previously. A necessary con­
sequence of the exchange of F~ for 0H~ is that the bathing 
solution should become more alkaline (less acid). This is 
suggested as the cause for the displacement to the right in 
a plot of (pHgPOii. + ipCa) versus (pH - ipCa) when the equi­
librium period is extended. Thus, it appears that the same 
mechanism that causes a displacement to the left in 
100 
successive equilibrations of the same sample with fresh 
solutions of acid is also the cause of a displacement to the 
right when the equilibration period is extended. 
The values of the ion product corresponding to lOpCa + 
6pP0j| + 2pOH calculated from the values in Table. 15 for the 
three samples, in the order that they appear in the table, 
are 139*98, 122.26, and 118.32. From the last of these 
values, as well as from Figure 14, it can be seen that the 
sample equilibrated with distilled water had a value for the 
ion product practically the same as the average value calcu­
lated in the third experiment (Table 9). The ion product 
for the sample with a solution containing 1 m.e. of HCl was 
close to that average, but the ion product for the sample 
treated with a solution containing 5 m.e. of HCl deviated 
markedly. 
The results from this experiment suggest that there is 
a halt in the-displacement to the right after a sufficiently 
long period of equilibration because the 1-gm. sample equi­
librated with distilled water for J8 days yielded practi­
cally the same value for the ion product as the samples 
equilibrated with dilute hydrochloric acid for only 19 days. 
Because a shift to the right with no vertical displacement 
results from an increase in 0H~ activity without change in 
activity of Ca++ or HgPOij."", it appears that a cease in dis­
placement to the right corresponds to a cease in net 
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exchange of F~ ions in solution for 0H~ ions in the hydroxy-
fluorapatite and to an equilibrium between the 0H~ and F~ 
ions in the solution and in the hydroxyfluorapatite. 
It would appear to follow from the results of this ex­
periment in conjunction with those of preceding experiments 
that obtaining a constant ion product that applies to the 
dissolution of phosphate rock, in conformity with Equation 
(50), is associated with the milder acid treatments, the 
treatment with distilled water included, where only a small 
proportion of the solid material dissolves and where the pH 
is maintained relatively high. Under these circumstances, 
there is relatively little interaction of the solvent with 
the solid material. The ion product lOpCa + 6pP04 + 2pOH 
for the phosphate rock used in this experiment seems to 
approach on long standing a value around 118. 
Seventh Experiment 
Procedure. One 10-gm. sample was equilibrated for 149 
days with 100 ml. of solution containing 3 m.e. of HCl. A 
wide-mouth, 300-ml. Erlenmeyer flask was used to permit 
measuring the pH of the supernatant solution by means of 
long electrodes adapted to the Beckman Model G potentio­
meter. The pH of the suspension was determined at frequent 
intervals at the beginning of the equilibration period and 
less frequently later on. Five-ml. aliquots were pipetted 
102 
off from the supernatant solution at different periods, 
diluted to 100 ml., filtered, and analyzed. 
Results. Table 16 presents the results obtained from' 
the analysis of five aliquots taken from the supernatant 
liquid, and Table 17 gives the pH values read at different 
intervals. Figure 15 shows the pH value at different times. 
In Figure 16 are plotted the values of the last two columns 
of Table 16. 
Discussion. It can be seen from Table 15 that the 
pH2P04 and pCa values remained practically constant from the 
first day onward whereas the pH value changed appreciably 
over a long time (Table 17 and Figure 15). Because of this 
behavior, the displacement of points in the plot of 
(pH2P0ij. + ipCa) versus (pH - ipCa) in Figure 16 is essen­
tially horizontal. With increasing time of equilibration, 
the points were displaced to the right. The last point, 
after an equilibration of 82 days lies to the right of the 
hydroxyapatite line, which indicates an unstable condition 
of supersaturation with respect to hydroxyapatite. The 
apparent decrease in pH value observed with longer times of 
equilibration (Table 17) suggests that is analyses had been 
continued beyond 82 days the solubility point would have 
moved back.to the left. Further evidence of an unstable 
condition is provided in the next experiment. 
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Table 16. Negative logarithm of ion activities and of total 
phosphorus concentration in solution after dif­
ferent periods of equilibrating a sample of 
phosphate rock with a dilute solution of HCl at 
24° C. 
pH - pHgPOij. 
Time in days pH pCa pPT pHgPO^. -§pCa + -gpCa 
1 3.78 2.00 2.15 - 2.25 2.78 3.26 
4 3.95 2.15 2.12%, ' 2.22 2.88 .. 3.30 
14 4.28 2.00 2.08 2.18 3.28 3.18 
31 4.54 2.00 2.07 2.17 3.54 3.17 
81 4.96 1.99 2.19 2.29 3.96 3.29 
Table 17. pH values of solution after different periods of 
equilibrating a sample of phosphate rock with a 
dilute solution of HCl at 24° C. 
Time in days pH Time in days pH Time in days pH 
1 3.78 36 4.68 60 4.95 
4 3.95 37 4.72 69 5.07 
14 4.22 41 4.81 81 4.96 
32 4.54 43 4.85 95 4.94 
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Figure 16. Solubility relations of phosphate rock after 
different times of equilibration with a 




Procedure. Each of six 10-gm. samples of phosphate 
rock was equilibrated with 100 ml. of solution containing 
3 m.e. of HCl. After different periods, one sample at a 
time was filtered and analyzed. The pH of the supernatant 
solution was read at different times in the rest of the 
samples. At the end of the equilibration period, one of the 
remaining samples was boiled gently for several hours. The 
suspension was then equilibrated further at 24° C. for 5 
days, after which it was filtered and analyzed in the usual 
way. 
Results. The results of this experiment are presented 
in Tables 18 and 19. Figure 17 gives the pH value of two of 
the samples at various times through a 130-day equilibration 
period. In Figure 18 are plotted the values of the last two 
columns of Table 18. 
Discussion. Figure 17 shows the change in pH value 
with time. It appears that a stable pH value was attained 
after about 100 days. The graph differs from that of Figure 
15 in that the pH value did not pass through a maximum, as 
apparently was the case in the seventh experiment. In con­
trast to the pH values, the pCa and pHgPO^ values remained 
remarkably constant from the first measurement at 4 hours 
onward. This behavior indicates that dissolution of 
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Table 18. Negative logarithm of ion activities and of total 
phosphorus concentration in solution after dif­
ferent times of equilibration of 10-gm. samples 
of phosphate rock at 24° C. with 100 ml. of solu­
tion containing 3 m.e. of HCl, and after equi­
libration at 24° C. for 120 days followed by 
heating, cooling, and equilibration for another 
5 days at 24° C. 
pH - pH2P0ij. 
Time in days pH pCa PpT pHgPOZj. |pCa + ipCa 
0.16 3.58 2.01 2.06 2.17 2.58 3.18 
1 3.66 2.00 2.06 2.17 2.66 3.17 
7 4.04 2.00 2.05 2.15 3.04 3.15 
120 4.92 2.00 2.14 2.24 3.92 3.24 
After 
heating 4.38 2.01 2.40 2.50 3.38 3.50 
Table 19. pH of duplicate solutions after different times 
of equilibration of 10 gm. of phosphate rock with 
100 ml. of solution containing 3 m.e. of HCl at 
24° C. 
Time Time Time 
in in in 
days pH pH days pH pH days pH pH 
0.16 3.58 3.58 26 4.41 4.42 69 4.51 4.53 
1 3.66 3.62 35 4.58 4.62 83 4.78 4.79 
2 3.78 3.74 47 4.49 4.52 96 4.76 4.76 
3 3.88 3.82 48 4.48 4.52 103 4.76 4.78 
9 4.12 4.09 61 4.51 4.55 115 4.84 4.91 
12 4.02 4.00 130 — — 4.92 
H O 
00 
TIME IN DAYS 
Figure 17. pH of solution after different times of equilibration.of phosphate 
rock with a dilute HCl solution at 24° C. Duplicate solutions 
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Figure 18. Solubility relations of phosphate rock after 
different times of equilibration with a 
dilute HCl solution at 24° C. and after 
boiling the final suspension followed by a 
5-day period of equilibration. Data are 
from the eighth experiment. 
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phosphate rock In acid aqueous solutions is a rapid process, 
as far as the HgPO^" and Ca++ concentration is concerned, 
but that the pH value of the solution keeps changing for a 
rather long time. The slow change of pH value points again 
toward the occurrence of a net exchange of F~ and OH" ions, 
since further dissolution of material would be reflected 
also in the amount of phosphorus and calcium in solution. 
The exchange would tend to diminish as the OH" concentration 
in solution increases. 
In this experiment, as in the one preceding, the solu­
tion became supersaturated with respect to hydroxyapatite. 
This behavior can be seen from Figure 18, which contains a 
plot of values of (pHgPO^ + ipCa) against those of (pH -
§pCa). A confirmation that the solution was supersaturated 
was obtained from one of the samples by boiling the suspen­
sion and then continuing the equilibration at 24° C. for 5 
more days. The values of the ion activities obtained in 
this case, when plotted in Figure 18, produced a point lying 
to the left of the hydroxyapatite line. The ion product 
lOpCa + 6pP0ij. + 2pOH corresponding to this point is 118.66. 




Procedure. Each of two 10-gm. samples of synthetically 
prepared, precipitated hydroxyapatite was equilibrated with 
100 ml. of solution containing 3 m.e. of HCl. One of the 
samples contained, in addition, 2 gm. of calcium fluoride. 
Each of two 10-gm. samples of phosphate rock also was equi­
librated with 100 ml. of HCl solution of the same concentra­
tion, one'without calcium fluoride and the other in the 
presence of 2 gm. of calcium fluoride. One 10-gm. sample of 
the acid-washed phosphate rock from experiment 5 was equi­
librated with 100 ml. of an acid solution of the same con­
centration as above without calcium fluoride. The suspen­
sions were equilibrated for 43 days at 24° C., and the pH 
of the supernatant solutions was measured after different 
time Intervals. The hydroxyapatite suspensions were fil­
tered, and the filtrate was analyzed for total phosphorus 
and calcium. A second equilibration was carried out by 
adding new acid solutions of the same concentration as above 
to the two hydroxyapatite residues, previously washed with 
distilled water, and by shaking the mixtures for 7 days at 
24° C. 
Results. The pH values determined after different time 
intervals are presented in Table 20. Figure 19 was con­
structed with the data from this table. Table 21 gives the 
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Table 20. pH value of solution after different times of 
equilibration of 100 ml. of solution containing 
3 m.e. of HCl at 24° C. with 10-gm. samples of 
(a) hydroxyapatite alone and with 2 gm. of 
calcium fluoride, (b) phosphate rock alone and 
with 2 gm. of calcium fluoride, and (c) acid-
washed phosphate rock alone 
pH values 
Time Hydroxy­ Phosphate Acid-washed 
in apatite Hydroxy­ rock Phosphate phosphate 
days + CaF 2 apatite + CaF 2 rock rock 
0.12 4.43 4.62 3.59 3.61 2.76 
0.16 4.55 4.68 
1 4.56 4.68 
3 4.67 4.63 3.88 3.90 3.22 
5 4.72 4.66 
11 4.82 4.63 4.10 4.12 3.57 
24 5.06 4.56 4.12 4.14 3.61 
31 5.15 4.62 4.13 4.18 3.65 
43 5.22 4.61 4.25 4.36 3.83 
activity and concentration values for the five samples. In 
Figure 20 are plotted the values of the last two columns of 
Table 21. 
Discussion. It is evident from Figure 19 that in the 
absence of calcium fluoride the pH of the solution equi­
librated with hydroxyapatite remained practically constant 
during a 43-day period. In the presence of calcium 
fluoride, however, there was a continuous rise in the pH 
value. There was a continuous rise also in the pH of solu­
tions equilibrated with phosphate rock in both the presence 
5.5 







PHOSPHATE ROCK + CoF, 4.0 
HCl-WASHED PHOSPHATE ROCK 
3.5 
3.0 
45 20 25 30 40 10 15 35 0 5 
TIME IN DAYS 
Figure 19. pH values of solution after different times of contact at 24° C. 
between a dilute solution of HCl and (a) hydroxyapatite, with and 
without GaFg, (b) phosphate rock, with and without CaFg and (c) 
acid-washed phosphate rock. Data are from the ninth experiment. 
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Table 21. Negative logarithm of ion activities and of total 
phosphorus concentration in solution after equi­
libration of 100 ml. of solution containing 3 
m.e. of HCl for 31 days at 24° C. with (a) 
hydroxyapatite alone and with added CaF2, (b) 
phosphate rock alone and with added CaF2, and 
(c) acid-washed phosphate rock alone 






4.34 5.49 + CaF2 5.22 1.75 4.49 4.61 
Hydroxyapatite 4.61 1.78 2.49 2.60 3.71 3.49 
Phosphate rock 
4.25 2.14 2.24 3.24 + CaF g 2.00 . 3.25 
Phosphate rock 4.36 2.00 2.08 2.18 3.36 3.18 
Acid-washed 
phosphate rock 3.83 2.00 2.00 • 2.10 2.83 3.10 
and absence of calcium fluoride. This behavior verifies the 
explanation given previously that exchange of F~ ions in 
solution for 0H~ ions in the solid phase was the cause of 
the pH rise when phosphate rock was equilibrated with acid 
solutions for extended periods of time. 
Further evidence for the postulated exchange is pro­
vided by the fact that the pH curve obtained with acid-
washed phosphate rock lay below that obtained with the 
original material. This difference in behavior would be 
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HCl-WASHED PHOSPHATE ROCK 
zPPJOSPHATE ROCK + Co Fg 
x \ VPHOSPHATE ROCK 
0 Xp XX/HYDROXYAPATITE 
HYDROXYAPATITEV CaF. 
Figure 20. Solubility relations of hydroxyapatite and 
phosphate rock> both with and without calcium 
fluoride, and of acid-washed phosphate rock 
without calcium fluoride, all after equi­
libration with quantities of the same dilute 
HCl solution. Data are from experiment 9. 
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expected on the basis that considerable exchange of F~ for 
OH" had already occurred during the preliminary acid treat­
ment . 
„ The close similarity of the pH curves obtained for 
phosphate rock in the presence and absence of CaF2 may be 
explained on the basis that the original phosphate rock con­
tained a small amount of calcium fluoride. Further evidence 
for the presence of calcium fluoride in the phosphate rock 
is provided by the close similarity of all the ion activi­
ties and products obtained with phosphate rock with and 
without addition of calcium fluoride (Table 21). Peaslee 
(i960) analyzed several phosphate rock suspensions in 
dilute HCl solutions, using the same material as was used 
in this thesis. He found the presence of fluorine and de­
termined its concentration. Using his experimental values 
for the calcium activities and for the fluorine concentra­
tions, an approximately constant value around 11 was found 
for the product pCa + 2pF. This is larger than the value of 
9.84 given by Lindsay and Moreno (i960). Rathje (1957b) 
gives a solubility of calcium fluoride equal to 15 mg. per 
liter. The value of pCa + 2pF obtained from this figure is 
10.55. This value is closer to the constant value found by 
Peaslee (i960) in his equilibrations. Most phosphate rocks 
seem to contain some calcium fluoride, as indicated by the 
fact that the content of fluoride usually exceeds that 
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required to combine with all the phosphate in the form of 
fluorapatite. 
Figure 20 shows that the suspension that contained 
hydroxyapatite alone corresponded to a point coinciding with 
the line of hydroxyapatite, whereas the suspension that con­
tained added calcium fluoride was plotted to the left of the 
hydroxyapatite line. The ion products lOpCa + 6pP0^ + 2pOH 
calculated for these two points are, respectively, 113.98 
and 117.20. The first value is very close to 113.7, which 
is the one given by Lindsay and Moreno (i960) for hydroxy­
apatite. 
When the two hydroxyapatite suspensions were equi­
librated for a second time for 5 days, two new points were 
obtained in which the tendency of the hydroxyapatite alone 
to remain near the hydroxyapatite line was evidenced by a 
value of 115.74 and the tendency of the hydroxyapatite sus­
pension in the presence of calcium fluoride to deviate 
toward the left was definitely evident in the larger value 
for the ion product, 131.40. When the ion product 9pCa + 
6pP0/| is calculated instead of the one above, a value of 
106.86 is obtained. The proximity of this figure to 108.56, 
which is the theoretical value for the system fluorapatite-
fluorite, is evidence of the proximity of the point to the 
line corresponding to this system. This behavior is evi­
dence that fluoride ions from the calcium fluoride exchanged 
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The solubility-product principle was applied in an in­
vestigation of the dissolution of a sample of finely ground 
phosphate rock of the type offered commercially for direct 
application to soil as a source of phosphorus for plants. 
Examination of the material by means of X-ray diffraction 
and chemical analysis indicated that the phosphatic compo­
nent was a solid solution of hydroxyapatite and fluor-
apatite, to which the name hydroxyfluorapatite is usually 
given. 
If a solid solution of hydroxyfluorapatite behaves as 
an ideal solid solution, two solubility-product expressions 
should govern the composition of the solution saturated with 
respect to hydroxyfluorapatite. They are identical to the 
expressions applying to hydroxyapatite and fluorapatite ex- • 
cept for the value of the solubility-product constant. The 
numerical value of the constant in each expression will be 
equal to that of the pure substance (hydroxyapatite or 
fluorapatite) multiplied by a factor that depends upon the 
mole fraction of that constituent in the solid solution. 
The functional relationships connecting the mole frac­
tion to the solubility-product constants are not known, and 
the probable presence of calcium fluoride and other mate­
rials in the phosphate rock prevents direct measurement of 
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the mole fractions. Conformance of the hydroxyfluorapatite 
of phosphate rock to ideal behavior, however, will be indi­
cated if the ion activities in the saturated solution in 
equilibrium with phosphate rock give a straight line in a 
plot of (pH2P0z|. + IpCa) versus (pH - jrpCa) and if the 
straight line lies parallel to and to the left of the line 
for pure hydroxyapatite. (The greater is the proportion of 
hydroxyapatite in hydroxyfluorapatite, the closer will be 
the line of this compound to that of hydroxyapatite.) A 
plot of this type is a graphical means of representing the 
solubility-product relationship for different calcium phos­
phates. Each solubility product is represented by a dif­
ferent straight line with a particular slope and intercept. 
Measurements needed to make such a plot can readily be ob­
tained experimentally. 
The dissolution of the sample of phosphate rock in 
aqueous solutions of hydrochloric acid was investigated 
under various conditions represented by different weights 
of solid material, different concentrations of acid, dif­
ferent periods of equilibration, and different procedural 
techniques. The activities of hydrogen, calcium, and phos­
phate ions were determined in the aqueous phase after equi­
libration. The activities were expressed as the negative 
logarithms to the base 10 and for the most part were com­
bined to obtain the values of (pHgPO^ + -§pCa) and 
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(pH - |pCa). 
Where the quantity of acid present in the solution was 
small in comparison to the quantity of phosphate rock, 
values were obtained approximating a straight line parallel 
to and lying to the left of the hydroxyapatite line in a 
plot of (pH2POij. + IpCa) versus (pH - |pCa). Where the ratio 
of quantity of acid to quantity of phosphate- rock was large, 
marked deviations from the straight-line plot occurred. The 
points lay further away from the hydroxyapatite line and 
approached the line corresponding to the composition of a 
solution saturated with respect to fluorapatite and 
fluorite. Repeated equilibrations of individual samples of 
phosphate rock with quantities of fresh solution having the 
same initial concentration of acid produced further dis­
placement of the points toward the fluorapatite-fluorite 
line with high ratios of acid to phosphate rock but little 
or no change with low ratios of acid to phosphate rock. 
To explain these observations the hypothesis was pro­
posed that where hydroxyfluorapatite is equilibrated with an 
acid solution, the hydrogen ions in the solution react with 
hydroxyl ions supplied by the hydroxyapatite component to 
form water, thus keeping the hydroxyl-ion activity in the 
solution at a low level. Because of the preferential re­
moval of hydroxyl ions, the ratio of fluoride to hydroxyl in 
the solution is higher than the ratio with which the 
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residual hydroxyfluorapatite would be in equilibrium. As a 
result, the solution and solid interact, raising the ratio 
of fluoride to hydroxyl in the solid. This hypothesis ex­
plains the observations mentioned above. Additions of acid 
that are small in relation to the weight of phosphate rock 
should have little effect on the ratio of fluoride to 
hydroxyl in solution and hence little effect on the composi­
tion of the hydroxyfluorapatite in phosphate rock. The 
points in the plot of (pHgPO^. + IpCa) against (pH - |pCa) 
then should fall approximately on a straight line parallel 
to the hydroxyapatite line. Additions of acid that are 
large in relation to the weight of phosphate rock should 
increase the ratio of fluoride to hydroxyl in solution, and 
subsequent interaction of this fluoride-enriched and 
hydroxyl-impoverished solution with the residual phosphate 
rock should increase the ratio of fluoride to hydroxyl in 
the hydroxyfluorapatite component. The points in the plot 
of (pHgPO^j. + |pCa) against (pH - IpCa) then should lie to 
the left of the line obtained with small additions of acid. 
Additional experiments were carried out to test the 
hypothesis further. If the composition of the surface of 
the hydroxyapatite in phosphate rock is indeed altered as a 
result of treatment with relatively large quantities of 
acid, the altered composition should be reflected in the 
solubility relationships observed if samples of phosphate 
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rock that have been treated with large quantities of acid are 
treated subsequently with small quantities of acid. Experi­
mentally it was found that where samples of phosphate rock 
that had been equilibrated with relatively large quantities 
of acid were re-equilibrated either successively or simul­
taneously with a series of solutions having lower initial 
concentrations of acid, the plot of (pHgPOij. + •gpCa) against 
.(pH - -§pCa) obtained with each sample was found to yield 
essentially a straight line close to and parallel to the 
fluorapatite-fluorite line. The more intense was the pre­
liminary acid treatment, the closer was the plot of the line 
to that of fluorapatite-fluorite. This behavior is in 
accord with the hypothesis. It may be explained on the 
basis that the relatively small quantities of acid did not 
dissolve much of the altered surface material, and so the 
composition of the solutions was controlled by that of the 
altered surface material. 
One consequence of the hypothesis is that the enrich­
ment of the residual hydroxyfluorapatite with fluoride is 
accompanied by enrichment of the solution with hydroxyl. 
The reason is that the fluoride is supposed to take the 
place of some of the hydroxyl groups in the hydroxyfluor­
apatite (the replacement might take place either by ion 
exchange or by dissolution and reprecipitation). Experi­
mentally, the enrichment of the solution with hydroxyl would 
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be measured as an increase in pH of the solution. Where 
phosphate rock samples were equilibrated with acid solutions 
for long periods of time and where the solutions were 
analyzed after different intervals, it was found that the 
values of pCa and pHgPOij. remained remarkably constant from 
the first measurement at 4 hours onward, but the pH value 
increased continuously for about 100 days. These results 
substantiate the hypothesis and, in addition, indicate that 
the dissolution takes place rapidly but the replacement of 
hydroxyl by fluoride takes place slowly. Further verifica­
tion was obtained with synthetically prepared hydroxy-
apatite, which was found to equilibrate almost immediately 
with an acid solution and to maintain essentially constant 
values of pH for 43 days. Here there was no source of 
fluoride to bring about an increase in pH value. In a 
parallel system of hydroxyapatite to which calcium fluoride 
had been added, the pH value continued to increase through­
out the experimental period of 43 days. 
The measurements made with hydroxyapatite provide also 
some information of the same kind as that obtained in the 
first experimental work, together with additional evidence. 
Where the values for hydroxyapatite alone were entered in 
the plot of (pHgPOzj. + |rpCa) versus (pH - -|pCa), the initial 
point and the one obtained on re-equilibration of the same 
sample with a fresh solution of acid both lay close to the 
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hydroxyapatite line. Where the values for hydroxyapatite 
plus calcium fluoride were entered in the plot, the points 
were both displaced toward the line for fluorapatite plus 
fluorlte, the point obtained on re-equilibration being 
closer to this line than the point obtained initially. In 
this work, the displacement of the points toward the line 
for fluorapatite plus fluorlte was clearly associated with 
the presence of fluoride. 
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